


Chapter 1  Introduction

We propose to search for the rare progess — e N with far greater sensitivity than in any past
experiment. Muon to electron conversion does noseove the additive quantum numbersandL,
associated with the electron and muon and theresponding neutrinos. Non-conservation of these
guantum numbers, and that of the third leptan,is commonly referred to as lepton flavor violatio
(LFV). The observation of this process providegdlirevidence for lepton flavor violation and reqsir
new physics, beyond the usual Standard Model andhihimal extension to include massive neutrinos.

The experiment, dubbed MECO figtuon toElectronCOnversion, will be conducted in a ngw
beam-line at the Brookhaven National Laboratory (BNIternating Gradient Synchrotron (AGS),
produced using a pulsed proton beam. The protorggmnéll be ~ 8 GeV for a variety of reasons
discussed at length in the proposal. The expeetesitsvity, normalized to the rate for the kinernatly
similar process of muon capture, is one event faraaching fraction of 2 10" for a data taking
period of 30 weeks at full design intensity. Cutreslculations of the expected background rates
indicate that increased running time would resultven better sensitivity.

In this proposal, we review the physics motivationsuch a search, discuss the present status and
expected results of other experiments with relgteals, outline the basic ideas of the experimerd, a
discuss the status and results of studies of tperitant experimental issues.

We believe that this experiment has a real chahoga&ing a discovery of profound importance. This
physics cannot be addressed atiigh energy frontierin many theoretical models there is no particular
reason to believe that lepton flavor violation isrmlikely in ther lepton sector, and making significant
improvements in that sector will be quite difficuttis very unlikely that lepton flavor violating
interactions of high energy hadrons or leptonslmadetected directly, and even if this were possibl
LFV decays of light particles are a more sensitik@be for any conceivable interaction luminosityat
high energy machine. The largest fluxtof is produced at existing low energy acceleraaoagsno

facility is foreseen at which this experiment cob&ldone better and or on a comparable time scale.

The remainder of the proposal is organized asvi@ldNe first discuss the motivation for and
experimental status of muon and electron numbéatm. We then give an overview of the
experimental technique, followed by a discussioplofsics backgrounds and signal rates. 1 We discuss
the reasons for choosing BNL as the facility atehihio do the experiment, and then discuss the new
pulsed muon beam and describe in detail the expeatamhapparatus. We conclude by summarizing the
expected results of the experiment, estimatingdt, describing an R & D plan that will allow ws t

refine the cost estimate and answer the remaieicignical questions about the beam and detector, and
describing a construction and running schedulewhiaallow us to obtain physics results by 2006.

1.1 Physics Motivation (16 font)

Apart from the searches for the Standard Model Sligagrticle, at LEP 11 if its mass is less than d@bou
105 GeV/é, at Fermilab for masses up to 150-180 GéYl¢c2], and up to and beyond the limit set by
precision electroweak measurements at the LHOptiineipal thrust of particle physics research fo t
foreseeable future is the search for new phenonteyand the Standard Model. Precision



measurements have verified the predictions of thadard Model and determined many of its
parameters, but the unification of all of the farcecluding gravity, will ultimately require depares
from the Model. The Standard Model is incomplete] the theoretical arguments for extensions to the
Model are compelling.

A major search for new phenomena is being mourttédtea.HC where, for example, weak scale
supersymmetry will be either observed or rejectdek high energy community has invested heavily in
the two general purpose detectors, ATLAS and CM&, will begin taking data after 2005. There is
also a good chance for discovery at the Tevatrannnl and beyond, where the integrated luminosity
will reach 2 fb* by 2002-2003 and approach 10%by the scheduled time for turn on of the LHC [8].
addition to much improved searches for supersynyntte study of the dynamics of the production and
decay of 1000 top quark events (in run Il) may edveew physics, perhaps even a dynamical
mechanism for electroweak symmetry breaking.

In addition to these fundamentally high energy eixpents that search for new phenomena at the
energy frontier, a host of interesting ‘low energyd non-accelerator experiments provide important
tests of the Standard Model, and could also redeértures. Among these are measurements of CP
violation in the neutral kaon system, the searctCi® violation in B decays, measurements of neaitrin
mass and mixing in oscillation experiments, precisneasurements of electric dipole moments and the
g-2 of the muon, measurements of flavor changingrakcurrents, searches for proton decay, and
searches for lepton flavor violating processes; tt®se that do not conservg L, or L, but do

preserve their sum, L, —in the decays of mesongvamshs, and in muon to electron conversion.

These low energy experiments also address fundahuprgstions, most often related to the replication
of leptons and quarks in generations: the quarkigpidn mass spectra, the mixing of flavors, ard th
CP violation induced by the mixing. They test ietgmg predictions based on extensions of the
Standard Model, most notably those involving suwperaetry and quark-lepton unification.

Some of the ‘low energy’ experiments are being dait@gh energy for technical reasons. Thus,
copious B production and the advantages of highggrfer B-tagging make the CDF andZxollider
experiments competitive in studies of the B systdot.all of the experiments are being pursued with
equal vigor. Some have reached limits that aresaty difficult to improve upon. Others, such as
experiments on B physics and neutrino oscillatians,generally regarded as holding so much potentia
for discovery that they will be pursued world-widéh enormous energy and resources over the next
decade.

The SU(3} x SU(2). x U(1)y structure of the Standard Model includes in eaategation a color triplet

of left-handed u and d states in a weak isodoubdaty triplets of right-handedr anddr quarks, a left-
handed weak isodoublet of leptons and a right-héitejgton singlet; fifteen states in all. In the etse

of the Yukawa couplings to the Higgs, the threeegation states in each of the five configurations
cannot be distinguished by the known gauge intenagtand each possesses a U(3) global symmetry
corresponding to unitary transformations in genenagpace. In the Standard Model, the quark masses
and mixing introduced through the Yukawa couplibgsak this symmetry down to U(1)4, the four
exact global symmetries of the Standard Modellgwd to the empirically well established conserved
quantum numbers, L., L, andL,. These symmetries, together with the local gaygesetries,

SU(3)x and U(1}y, are the exact internal symmetries of the Staniitrdel.

Lepton flavor is conserved at the charged W venekke quark flavor, because the neutrinos in the
theory are assumed massless. The lepton and reeatass matrices can be simultaneously diagonalized



(trivially). Many of the questions of particle phgs come down to understanding what symmetry
replaces this very large U(3)5 global invariancéhim inevitable extension of the Standard Model and
ultimately, in nature [4]. Which of the horizon®tmmetries, those mixing generations, remain and
which of these are gauged? The Standard Moddkistsin the replication of generations and on the
relationship between quarks and leptons withinreegaion. It is silent too on the mass spectrurtihef
fermions and on the size of the flavor mixing pagéens. Not all of the answers to these questiofis wi
come from experiments at the high energy fronfie limit on the proton lifetime, which rules obet
simplest grand unified extensions, provides inpstdo studies of CP violation, directly related to
generation mixing, and the observation of neutdsdillations, implying both non-zero neutrino mass
and lepton flavor violation. Limits on flavor chang neutral currents strongly constrain most
extensions of the Standard Model, as do limits ftbenlepton flavor violating processg — e+)y and
muon to electron conversion. Substantial improvemanthese measurements could lead to a
breakthrough, or to further restrictions on theicedtmodels.

In the Super-Kamiokande neutrino experiment [5,,@], strong evidence for a flavor symmetry
breaking transition, most likely, — v, has been observed. The inescapable conclusibatiseutrinos
have non-zero mass and mix. A small, but significaxtension of the Standard Model can be made to
accommodate this result. While this minimal extengloes not conserve lepton flavor, the
experimental consequences away from oscillatiorex@nts appear to be small. For example, the
processr — //+ yproceeds at a rate(sm?, = M%,)?, too small to be observed. In extensions of the
Standard Model, including supersymmetric theofies tnify quarks and leptons, the analogous
processeg’ — € yandu N — e N can occur at small but observable rates. Thengdisishing feature
of these super-unified models is that the slepsopérsymmetric partners of the leptons) masses of
different generations are different, the degenelsaigg split by radiative corrections induced bg th
large top Yukawa coupling. No longer a multipletloé unit matrix, the slepton and 3 lepton matrices
cannot then be simultaneously diagonalized, andnisenatch between the rotations will result in tept
flavor and, in general, CP violation. For examfie, lepton- slepton coupling to the neutralino will
change lepton flavor. The lepton mixing angleshiese models are related to the quark mixing angles.
The calculated rates far — e+) and muon to electron conversion are still modeketeent- they vary
with tan f, the ratio of the vacuum expectation values oftww@Higgs doublets, the masses of the
scalar leptons, and other parameters as well -aendenerally 2-3 orders of magnitude below the
current experimental limits [9, 10]. For muon teafton conversion, the ratio

falls in the range I8*to 107’ over the entire parameter space (see Fifjire

As just described, these models also provide asweice of CP violation, induced by the phase in the
lepton mixing matrix. In SO(10) an electric dipoi®ment of the electron is predicted, whose
magnitude is related directly to the amplitudetfer ./ — e transition with the initial state muon
replaced by an electron.

where the CP violating phageanalogous to the phase in the CKM matrix, needeamall [10, 12].
An experiment aR,e ~ 10" would limit the contribution to the electric digomoment of the electron
from this source to de <6102, two orders of magnitude below the current lird8]]



An experiment with this sensitivity would providesignificant test of supersymmetric quark-lepton
unification. It would probe many other models adlvibose with induced non- diagonale or Hye
couplings, horizontal gauge bosons, or heavy neutnixing. Such an enormously sensitive experiment,
improving upon the most recent experiments at thiealAd TRIUMF by three or more orders of
magnitude, requires an entirely new and signifigasitaled up approach to the measurement. In $ectio
2 an overview of just how this will be accomplishedhe proposed experiment is presented. Detéils o
the experimental design are provided in the remgiiections.

1.2 Current Limits on Lepton Flavor Violation

Limits on lepton flavor violation have been lowelgdrecent experiments searching for rare decays of
kaons and muons. The limits obtained from thesemxents are listed in Tablel. They are

compared in columns 3-5 using the toy model of CafohHarari [14], in which a horizontal gauge
symmetry SU(2) is mediated by three neutral gauge bosons thah @yeneral non-degenerate in mass
and of mass ~ mand mass differenceA- In this two generation model, tgeneration numbe@ is an
isospin, —1/2 and +1/2 for the first and secondegations of charged and neutral fermions (lep&onts
qguarks), respectively. Generation number consiervé violated by mixing, and explicitly by the ssa
splittings among the bosons. Columns 3 and 4 ofelhl listAG and the combination of mixing
angles, boson mass and boson coupling measurdz lbgdction, expressed as a mass. The measured
rates depend on the inverse fourth power of thissm@olumn five lists the limit on this mass obgain
from each reaction. In the model, reactions thpassely violate lepton flavor and quark flavor but
conserve total generation numbafx = 0) are not ‘Cabibbo suppressed’. The generationber may
have significance in some models where mixing exghark and lepton sectors are related; in anyteven
it serves as a means of classifying related presess

Figure 1.1: Expected rates fory"N -~ €N and 4° - €"yin a minimal supersymmetric SU(5) model [11] for diferent
values of the ratio of the vacuum expectation valweof the Higgs particlesfan(f), and the slepton mass. The plots
shown are for the parametery > 0 (left) and g < 0 (right). The experimental limits have been updted from the
reference to account for recently reported results.

1.3 Muon Number Violation - a Brief History

Accelerator searches [23, 24, 25, 26, 27, 28, @Q938] for the muon number violating procesgés-

e yandy N - e N began 45 years ago with the experiments of Lokeamaand Steinberger/{ —

€")) and Steinberger and Wolfe' (N — e N). Thex N - e N neutrinoless transitions were studied
theoretically, in 1958, by Feinberg [32] and thepbmenology was developed in 1959 by Feinberg and
Weinberg [33], several years before the two neatexperiment. Two observations in that 1959 paper
are of special relevance here. First, the conversi@a muon to an electron in the field of the eusl



occurs coherently, implying a two body final statel a monochromatic electron with energy
approximately equal to the muon mass. It is thesinittive signature that makes the process atteacti
experimentally. Second, because of the “chiral attar’ of the weak interactions of the leptonss it
easy to imagine processes in which the muon tdreletransition occurs through chirality conserving
processes (e.g., four fermion interactions) wpile- € + y, which requires a chirality change, is
forbidden.

The subject was re-examined within the frameworganfge theories in 1977 by Marciano and Sanda
[34] who studieqs” - €'y, N —~ e Nandy' — € € € in a variety of gauge models. They pointed
out the potential for these processes as probestefnsions to the Standard Model and emphasizéd tha
muon to electron conversion was the more probaaetion in many of the models.

In 1994 Barbieri and Hall [9] proposed these saspeédn flavor violating transitions as

Table 1.1: Experiments on lepton flavor violation: the curent experimental limits, the change in generatiomumber
in the model of Cahn and Harari, the effective masmeasured and the inferred limits on the mass (updad from the
reference for new experimental results).

Process limit AG [14] measured mass limit (Te\
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a way to test super-unified theories. In supersytrimextensions of the Standard Model, stringent
theoretical constraints are imposed on the squadkskepton mass spectra; both are required to be
nearly degenerate to avoid flavor changing neatralents and lepton flavor violation [35]. In their
proposed super-unified theory, the slepton maserdggcy is broken, leading to flavor and CP-
violating transitions. The results of the spectadculation and those of Hisano et al. [11] in FeglL1



are model dependent, but the physical mechanisat$ethd td_e, L, andL; non-conservation are
generic to supersymmetric quark-lepton unification.

On the experimental side, an excellent startingtasiprovided by the knowledge and experience
obtained from the two most recent experiments dtJME and the PSI, and from the MELC proposal
[36, 37] to the Moscow Meson Factory. In the MEL©@pgosal, a large increase in muon flux is
predicted with a solenoidal collection scheme atftbnt end, as was adopted by the muon collider
proponents, and many of the backgrounds that acaoynhis large flux were studied.

A collaborative effort, with the participation of@ips from the University of California Irvine, Hstion
University, the Institute for Nuclear Research MmgcNew York University, Purdue University, and
the University of Pennsylvania, resulted in a psgddo the Brookhaven National Laboratory, MECO,
foragu N — e N conversion experiment with a sensitivity kR 10'°[38]. The experiment received
scientific approval in October of 1997 from the BRtogram Advisory Committee, who were
enthusiastic in their support:

The search for coherent muon-electron conversidatDdf sensitivity is an extremely powerful
probe of lepton flavor violation and physics beydmel Standard Model. Such an experiment has
the potential to become a flagship effort for AG@30 and could make a major discovery.

Since that time we have been joined by groups fBaston University, Brookhaven National
Laboratory, and The College of William and Mary.

1.4 Muon to Electron Conversion - an Overview

Sensitive searches have been made for the twaonlépteor violating processes — e y andy N -

e N. The reactions are complementary, both theorétieald experimentally. On the theoretical side, if
thex N — e N conversion is not Coulombic, e.g., if it is mediby a heavy Z or non-standard Higgs,
or proceeds through an effective four-fermion iatéion (box diagrams), it has clear advantages over
the decay process. In the supersymmetric grandedrtiieory of Ref. [10], on the other hand, both
processes occur predominantly through effectiveatity changing couplings< o,,q" * [1,)¢] ), and

the branching ratio for" — € y is approximately 200 times larger thap in aluminum. The two
experiments are different/’ — € y is limited by accidental backgrounds from radiatiuon decay in
which the photon and electron can come from eitfieisame or different muon decays in a necessarily
intense muon beam. A significant advantagetfdd — e N is the absence of accidental coincidences
of this kind; there is only one mono-energetic #latin the final state. Furthermore, the energy
distribution of the background electrons frain - €" v is peaked at the energy of the electrop/in

— €', while background from muon decay 7 electrondi@icbnversion electron energy, approximately
the muon rest mass energy, are strongly suppreSbecturrent best experimental limit for - €'y
comes from the MEGA experiment at Los Alamos; ttidtaboration recently reported [21] their final
result, B(/" — €")) < 1.2x 10" at 90% confidence level, limited by backgroundef&ncurrently

exists an approved experiment [39] at the PSI thighgoal of reaching a sensitivity of b Muon to
electron conversion experiments have reached dtisgpof 6 x 1072, The sensitivity is expected to
improve to ~ 2x 10™* in the next few years.



1.4.1Kinematics and Backgrounds

The backgrounds i N — e N result principally from four sources: muon decawrbit (DIO),
radiative muon capture (RMC), prompt processes &tter detected putative conversion electron is
nearly coincident in time with a beam particle\dmny at the stopping target, and cosmic ray induced

electrons. Muon to electron conversipnN — e N occurs coherently in the field of the nucleus, the
2

- : . E .
electron recoiling against the nucleus with energy,c”, Eo DEu - 2'\; , whereE,, is the muon
A

energy, mass plus binding energy, before captunesl@ctron of this energy, detected in a time wido
delayed with respect to the muon stop, signaletmeersion. While a free muon decaying at rest can
produce an electron whose energy is at mqsf/Z, the decay of a bound muon can result in an eectr
with energy approaching that of a conversion etectAt the kinematic limit in bound decay, the two
neutrinos carry away no momentum and the electoails against the nucleus, simulating the two-
body final state ofs - e conversion. The differential spectrum falls rapidear the endpoint,
proportional ta(Ey — E»)°. In aluminum, our choice for the target matertiag fraction of all muon
decays that produce electrons within 3 MeV of theépeint is aboub x 107

Radiative muon capture will sometimes produce pioteith energy approaching that of the muon rest
mass but falling short because of the differenaaass of the initial and final nuclear states dred t
nuclear recoil energy. For capture on aluminumpntiagimum photon energy is 102.5 MeV. The photon
can convert in the target to an asymmetric eleetpositron pair, resulting in an electron withis 3.

MeV of the conversion energy.

The above are the dominant physics backgroundsifipt processes can be rejected. Pions stopping in
the target are the major source of prompt backgtpand can produce photons with energy up to 140
MeV. Electrons in the beam that scatter in thegbage another such prompt background, as is the
decay in flight of a muon in the region of the &trm which the muons stop. In addition, a cosraic r
muon or a photon that enters the detector regidnpamduces an electron of 105 MeV can fake a muon
conversion if the electron trajectory appears tgioate in the stopping target.

1.4.2Previous ™ N - e N Experiments

There is a long history of muon to electron conngrexperiments [23, 24, 25, 26, 27, 28, 40, 30, 31
dating from the 1955 experiment of Steinberger\Afudfe. The techniques employed in the more recent
experiments provide important input in our effartréach the levels prescribed by supersymmetric
grand unification. We focus on the last two, whpeaperties and results are listed in the first two
columns of Tabld..2.

In the 1993 SINDRUM2 experiment, electrons witntgerse momenta below 112 MeV/c were trapped
in helical trajectories in the 1.2 T field of a stygonducting solenoid, 1.35 m in diameter and..8

long. Those with sufficient momentum to reach aytinal Cerenkov hodoscopes at the ends of the
solenoid triggered the system and their moment& werasured in cylindrical tracking chambers. The
beam, 1.2 10’ z//s, was brought in along the axis of the solen®&¥ stopped in a titanium target.

The ratio of77 to 1/ stops was 10.



The 1988 TRIUMF experiment was similar; it useceadgonal time projection chamber situated in an
0.9 T axial field. About 1.6 1P 1/ /s were stopped in a titanium target; the ratierofo £/~ stops was
10

In both the 1988 TRIUMF experiment and the 1993[FRWM2 experiment, the beam intensity was
low enough to use scintillation counters in therbéa veto events coincident with the arrival of a
particle at the stopping target. Figur@ shows graphically the events in the region 38{#eV in the
SINDRUM2 experiment. The plot shows the data (fpbe suppression of any backgrounds, (ii) after
suppression of prompt backgrounds and (iii) aftgapsession of prompt and cosmic backgrounds. The
remaining events are consistent with having contieetyrfrom muon decay in orbit. The highest energy
electron detected had an energy of 100.6 MeV.dretirlier TRIUMF experiment, there were no events
in the window 96.5 MeW< P. < 106 MeVk, where 85% of allee conversion electrons were expected.
Nine events with momenta > 106 Me&Wiere observed; the source of most of these eveagghought

to be cosmic rays. This cosmic ray leakage thrahglshield was confirmed in a separate experinment i
which the cosmic ray induced background was medswiith the beam turned o_. These two
experiments achieved similar sensitivitiBs, < 4 x 107, The limit from the SINDRUM2 experiment
has since been lowered by a factor of six in & fitty exposure (8 10" stopped muons) to 64103

and should reach 210 in two years. To get to this level, the beam isgnwill be raised an order of
magnitude or more from the value given in Tab[2. At this intensity, beam counters can no lorxger
used to reject prompts. A new high flux beam lind a pion to muon converter situated inside am®8.5
long super-conducting solenoid has been commisgidhes calculated that this will reduce prompt
backgrounds to a negligible level, and data areeatily being collected.

Figure 1.2: Electron energy spectrum from SINDRUM?2 experinent. There is no background above 101 MeV after
suppression of cosmics and prompts.

Table 1.2: The table gives the main features of the two mst recentyy N - e N searches in columns 2 and 3, and for
the MECO experiment proposed for BNL in column 4.

Features TRIUMF [30] SINDRUM2 [31] MECO [38]
Principal detector TPC,09T Drift Chamber, 1.2 T Straw tubes, 1.0 T
Target material Titanium Titanium Aluminum
4 in/stopped [HZ] 1.3/1.8 10° 12/3.3x 10° 2.5/1x 10"
77/ 1 Stops 10* 107 101
Prompt rejection beam counters beam counter pbksach
FWHM Resolution [MeV] 4.5 2.3 0.78
Exposure time 100 days 25 days 150 days
Cosmic ray background ~0.15 / MeV Negligible Neiylig
90 % CL Limit 4.6x10" 6.1x 10" 5x 10"

1.4.3Choice of Muon Conversion Target




For coherent/ N — e N conversion in the nuclear Coulomb field the r&tijpwas found in reference
[33] to increase witlZ, asZ|Fp|2, whereF, is the form factor that describes the nuclearghar
distribution, as measured for example in low energyscattering. Relativistic calculations have been
done by Shankar [41] and, more recently, by Cz&in&tarciano, and Melnikov [42], that take into
account the Coulomb distortion of the outgoing &tats wave function in addition to the effect loét
finite nuclear size. While these results do ndiediiramatically from the earlier one, they do éase
the conversion rate at high where the effects considered are expected to &raupact. The result is
thatR.e increases witlZ between aluminuniZ(= 13) and titaniumZ4 = 22) but saturates and then falls,
the value oR . for lead £ = 82) only 15% higher than for aluminum.

The factor of 1.7 improvement in going from alumimto titanium is outweighed by the difficulty in
dealing with prompt backgrounds that result from tiuch shorter muon lifetime in titanium. The
longer lifetime in aluminum# = 0:88 ) permits using a pulsed proton beam to producansiu
delaying the detection time window for the convemnselectron by 600-700 ns, well beyond the arrival
time at the stopping target of nearly all partickleghout a significant loss in sensitivity. An asttl
advantage is that very pure targets of aluminunmaaagable and the endpoint is close to the muossma
A muon decaying in orbit around a I@&impurity in a highZ target, on the other hand, can produce an
electron with energy beyond the nominal endpoint.



Chapter 2  Overview of the MECO
Experiment

Except for the cosmic-ray induced events in theUNRF experiment, which were later understood,
neither of the experiments described in the pressgrction was background limited. The incident muon
flux is sufficiently high in all these experimertgt the cosmic ray background scales with exposure
time and not the beam intensity. In the SINDRUMPearxment, there was no background at all in the
+20 region ¢2 MeV) about 104.3 MeV, the muon conversion enéngytanium. The highest energy
electron detected was 100.6 MeV, almastrém the conversion energy, and this electrontande
observed at lower momenta appear to come from rdeoay in orbit, an irreducible source of electrons
that can only be isolated by energy resolution. $idDRUM2 authors conclude that this experiment
demonstrates the feasibility of reaching their gifat 2x 10”2 if they can produce g~ beam

sufficiently free of77 and electrons.

We expect to improve on these experiments by arfaft1000-10000 in the MECO experiment at BNL.
The parameters of the MECO experiment are listesbiamn four of Tabld.2, and the differences that
lead us to believe that such an improvement isiplesare highlighted below.

« The muon beam intensity will be increased t&' Hr. High intensity is achieved in the same
way as in the proposed muon collider. A gradedrential field is used, but with field varying
from 2.5-5.0 T. The proton beam enters the prodacblenoid moving in the direction of
increasing field, opposite the outgoing muon bea&ecton and away from the detectors. Pions
and decay muons moving in the forward directionduiside the loss cone for the field gradient
(=30) will be reflected back by the higher field andlyoin the backward produced pions
following helical trajectories, those with < 180 MeVE confined within the 30 cm inner radius
of the magnet's shielding. A large fraction of toafined pions decay, producing muons which
accelerate out of the low field region into theniport solenoid. The resulting efficiency is
~0.0025 stopped muons per incident proton.

* The beam will be pulsed to avoid prompt backgrowms bunch approximately every
microsecond to match the negative muon lifetimaliminum. The conversion electron is
detected in a ~700 ns time window between buncleshwdeally, there is no beam in the
detector region. The AGS will be run with two of tF-buckets filled.

* The target in which the muons are stopped is @tlst a graded solenoidal field and the
detector is displaced several meters downstreatmedahrget to a region of uniform field. The
graded field varies from 2 T at the entrance todb®ut 2 m downstream of the entrance. The
increasing field encountered by electrons initiatlgving upstream reects electrons back
towards the detectors, resulting in large accegta@onversion electrons emitted af ¥B0°
with respect to the axis of the solengigdX 90 MeVE for conversion electrons) are projected
forward in helical trajectories of large radii thiatercept the octagonal tracking detector. Beam
particles and decay electrons at smallgrass undisturbed down the center of the solefitid.
conversion electrons with > 90 MeVk reach the detector with 75p<< 86 MeVt as a
consequence of the graded field. Electrons withNIe¥/c total momentum that are made in the
beam upstream of the graded field cannot haveuesass momentum greater than 75 MeV/c in
the detector region, thereby eliminating many poé&sources of background. By displacing the



detector downstream of the stopping target, thiel smigle for neutrons and photons produced in
the target to reach the detector is greatly redu€edher, protons produced in the stopping
target can be attenuated with absorbers placecekettihe stopping target and detectors.

» The energy of the electron will be measured toebéttan 1 MeV (FWHM). Rejection of the
background from muon DIO improves rapidly with tlesolution because of the steeply falling
energy spectrum. With 900 keV resolution, stud&sag GEANT predict this background in the
region above 103.6 MeV to be one twentieth theaifpr R, = 10 *° (see Figur®.8).

Figure2.1 is a schematic drawing of the proposed MECQerpent showing the production, transport
and detector solenoids. The S-shaped transpori@dl&ransmits low energy from the production
solenoid to the detector solenoid. High energy heglg charged particles and nearly all positively
charged particles are absorbed in the collimaiidrs.tracking detector shown here would be made from
straw tubes oriented along the axis of the solerfndoctagonal detector with 8 vanes extending
radially outward, simulated with GEANT3, has bebown to provide good acceptance. The electron
energy resolution determined from the same simanias ~900 keV (FWHM), the uncertainty coming
largely from fluctuations in the energy lost in theget and from multiple scattering. The simuliatod

the signal shape and the background from muon D¢Glaown in Figur®.8.

Figure 2.1: The MECO muon beam and detector system. The pton beam enters the production solenoid from the
right side. The region of the interior of the solenid system is evacuated; a thin beryllium window athe location of the
second collimator separates the production and det&on region vacuum and serves as P absorber.



Chapter 3 MECO Backgrounds, Physics
Requirements and Sensitivity

We first discuss backgrounds to #lieN — e N signal in some detail; eliminating them motivatesny
of the basic ideas of our experiment. Next we sure®dhe physics requirements in order to suppress
backgrounds. Finally, we discuss MECO performamzkthe expected sensitivity.

3.1 Physics Background Sources

In this section we give the results of calculatiohthe expected background levels based on the
performance of the baseline beam and detectorilDefahe beam and detector and of the method by
which the background calculations were done areany cases deferred to later sections. The primary
sources of physics backgrounds are:

1. Muon decay in a Coulomb bound state (DIO).

2. Radiative muon capture on a nucleus (RMC).

3. Beam electrons that scatter in the stoppingetarg

4. Muon decay in flight.

5. Pion decay in flight.

6. Radiative pion capture on a nucleus.

7. Backgrounds induced by anti-protons.

8. Backgrounds induced by other late arriving péas.

9. Cosmic-ray induced electrons.
Backgrounds 1 and 2 are intrinsic to muons stoppéde target. Hence, the source (stopped muons)
cannot be eliminated. The endpoint of the specotidIO electrons is equal to the energy of
conversion electrons when the neutrinos have zerti& energy; energy and momentum are conserved
by nuclear recoil. The spectrum falls very steemdgr the endpoint) (E, — E)°, and the number of DIO
electrons that have an energy consistent withadhabnversion electrons can be made negligible by a
sufficiently precise measurement of the energy. Siteation with RMC is similar; the spectrum of
RMC electrons has an endpoint well below the signal is also eliminated with a precise energy
measurement.
Backgrounds 3-6 derive from prompt processes, thighelectron detected close in time to the aral

a secondary beam particle at the stopping targetctviclude that a pulsed beam is necessary to
eliminate this background. The idea is that conwerslectrons are detected only during periods when



the flux of particles in the secondary muon beaexisemely low; a similar technique was used in an
earlier conversion experiment [29]. A first estimaf the degree to which secondary beam patrticles
must be suppressed during the measurement timieecabtained by reference to the SINDRUM2 data.
Without the beam veto there is one prompt backgiaira sensitivity of about 18. To get an

expected background below 0.01 events at a bragdtention of 10™° requires a reduction in the
particle flux during the conversion detection timea factor of 10° with respect to that in the
SINDRUM2 experiment. A detailed simulation of pranimackground processes leads us to conclude
that a beam extinction (defined as the fractiotheftotal proton flux that hits the production &irg
during the detection time) ef10? is required.

Even with a pulsed beam, background may result fsarticles that spend a very long time in the muon
transport system and hence arrive at the stoppimgt late, even though they are produced by psoton
in the main pulse. These backgrounds have beeunlatdd with a variety of Monte Carlo and semi-
analytic techniques.

Background from antiprotons is a special caseantie background is from prompt processes for
which the ultimate source is not reduced by a pllsmam. It results from very slop's that have a

transit time in the muon beam line long comparethé&time between pulses. Tlpgs eventually

annihilate and the resulting electrons and pionsipce background. Hence, antiprotons must not reach
the stopping target and transport of their anniifoifeproducts there must be heavily suppressed.

Finally, cosmic ray background arises from a varadtprocesses. This background is unique in that i
scales with running time, not sensitivity. Only nestimprovement in the cosmic ray background
rejection with respect to that of earlier experitsen required, appropriate to the somewhat longer
running time proposed.

At the proposal stage, we show by calculation biz@kgrounds can be reduced to a level such that the
detection of even a small number of events (pertaggent) would be compelling evidence folN —

e N. When analyzing the data, it will be essentiadémnonstrate that the backgrounds are understood
and the expected level of background can be pestligith a high degree of certainty from direct

measurement. An example of how well that can bedoexperiment E871, a searchifar’ - u* e™.

The number and kinematic distributions of eventr iiee signal region were calculated and compared
to data with good agreement [15], allowing a preggediction of the expected number of background
events directly from the data. Similar techniquéshe used in the analysis of MECO data, and we
discuss how this can be done for each backgroumateso

3.1.1Electrons from Muon Decay in Orbit

The rate for production of electrons frgndecay in Coulomb bound orbit is approximately pmjonal
to (Eo — Eo)° near the endpoint, whekg is the endpoint energy. Both the absolute norrattin and
energy spectrum have been calculated [43, 44]lawktcalculations agree with a precision of about
25%. The small discrepancy in the calculationslmatraced to different approximations for nuclear
recoil effects and relativistic corrections to theaon wave function.

Because the spectrum rises very steeply from tdpant, the signal to background ratio is extremely
sensitive to electron energy resolution. To redheebackground, the central part of the resolution
function must be minimized and high energy tailg must be highly suppressed. Requirements on the



central part of the resolution function and thehhegergy tails are discussed in chapter 9. In jplec

one needs to convolve the DIO energy spectrum thélenergy resolution function to determine if the
backgrounds level is acceptable. Qualitatively,FiéHM of the resolution function should be lesstha
~1 MeV, and the level of high energy tails morenth& above the electron's true energy should be less
than;0:2>< (AE)®, with E in MeV. For example, the high energy tails abowded/ should be less than
~10".

The main contributions to the central part of tegotution function are energy loss and straggimtpe
stopping target and multiple scattering in the nedigrspectrometer, with smaller contributions from
energy loss in the spectrometer and spatial raealut the spectrometer detectors. The largestpiade
contribution to high energy tails is pattern reatign errors (associating noise hits in the tragkin
detector with a putative particle trajectory) ie thoisy environment around the stopping target and
spectrometer. Straggling (large energy loss) irstbpping target and detector reduces acceptanere wh
energy loss is sufficiently large that the evemtrzt be distinguished from background (typicallyreno
than 1.4 MeV loss), but does not contribute to gaaknd.

A simulation of all processes contributing to eryemgsmeasurement and an analysis that includes
selection criteria designed to remove badly measevents was done and is discussed in Chapter 9 and
reference [45]. The most probable detected enartpss than 105 MeV due to energy loss in the targe
the proton absorbers, and the tracking detectoaddgpting events between 103.6 MeV and 105.1
MeV, the noise to signal ratio is below 0.05 Ryt = 10 '° with selection criteria that give ~20%
acceptance. The resolution function has FWHM ou&alB00 keV and very little high energy tail. There
are additional potential backgrounds resulting figattern recognition errors; these are discussed in
detail in Section 9.3.3. The background level deigesensitively on the detector accidental ratas. It
calculated to be < 0.006 events at the expectezxtuietrates.

The resolution function can eventually be verifiemm the data in a number of ways. Positive picars c
be stopped and the spectrum of electrons from €" v, decay measured with reduced magnetic field.
The spectrum of electrons near the endpoint cgrddicted and compared to the measured distribution
Tails in the resolution function that arise fronttpen recognition errors can be studied by relaxing
selection criteria. For example, the requiremeat the fitted trajectory project to the energy de{zul

in the trigger calorimeter can be removed and tiralver and energy distribution of background
excluded by that cut compared to simulations. Ogxamples of essentially independent selection
criteria that can be relaxed are the requiremexttttiere be no missing hits on the fitted trajectord

the requirement that no low energy track be recootd in the same event. In this way, the e/cécy o
each selection criterion can be measured from &g @hd compared with the calculated e/cacy.
Finally, tails in the resolution function are extrely sensitive to detector rates, and the backgloate
with relaxed selection criteria will be studiedaaiinction of the muon stopping rate.

3.1.2Radiative i Capture

Electrons result from radiative muon capture (RMCRI - ,Mg. The endpoint energy is 102.5
MeV and the probability percapture of producing a photon with energy excegd®0.5 MeV is-4 x
1077 [46]. The conversion probability in the target%.005, and the probability that the electron eperg
exceeds 100 MeV is ~0:005. Thus, the probabilitprobiucing an electron above 100 MeV~ig0



These electrons are all less than 102 MeV (mosheae 100 MeV), and for an electron to be consilere
signal, its measured energy must exceed 103.6 Nib¥ integral of the high energy tail in the
resolution function above 1.6 MeV is <f0limited by statistics. Hence, the probabilitygefiting an
electron ab(i\ée 103.6 MeV from radiatiueapture is < 10° or a background to signal ratio of < 0.001
for Re=10"".

This background is not distinguished from DIO elewst. However, the measured energy distribution
near the endpoint can be fit to a combination & @hd RMC electrons to verify the respective
contributions.

3.1.3Beam Electrons

Beam electrons may cause background if they amupem in the production or transport solenoid
region and then scatter in the stopping targeepeddent of the transverse momentum of the electron
as it exits the transport solenoid, the transvarementum at the tracking detector is below 75 MeV/c
unless it scatters in the stopping target, by daesfghe detector solenoid field.

The rate for electrons scattering at ~100 MeV fned by the Mott cross section multiplied by a
nuclear form factor for the target material. Theexmentally determined [47] form factor for
aluminum is shown in Figur@ 1. Figure3.1 shows the scattering cross section on alumiiourilott
scattering with and without the form factor incldde

The collimator system is designed to suppress éigngy electrons. A GEANT simulation of the
production of electrons and their transport todbtector solenoid yielded no transmitted electrons
above 100 MeV for 10incident protons. We approximate the expected rmurabevents above 100
MeV by fitting the energy spectrum between 70 a@d/@V to an exponential and extrapolating to the
region above 100 MeV. We take the transverse mamedistribution of the events to be that of
electrons with energy in the interval 70—90 MeVsg@ttially at from 0—20 MeV/c), and use that
distribution to calculate the probability of scaittg in the target to a transverse momentum exogedi
90 MeV/c. Including the solid angle acceptance ptabability that electrons of 100 MeV scatter te>p
90 MeV/c is about 18. With a run time of 10s, a proton intensity of x 10*° p/s, and a beam
extinction of 10°, the expected background is 0.04 events in a £8 hgion around the signal.

Figure 3.1: The form factor for electrons scattering on alminum is shown on the left. The plot on the righshows the
electron scattering cross section as a function etattering angle for 100 MeV electrons. Cross seatis are shown for
the Mott formula, and with the inclusion of the nudear form factor.

Background from beam electrons can be distinguisteed other prompt backgrounds by the energy
distribution of these events, which is falling vetgeply with energy due to the beam acceptanck, an
by their transverse momentum distribution, whichlg strongly forward peaked. This is contrasted
with the transverse momentum distribution of el@a$rfrom muon DIO and radiative pion capture. The
energy distribution is also very different from tlo& electrons from radiative pion capture. Thesengs
will also have a very different time distributidmain those from muon DIO, following the time
distribution of out of time protons hitting the piection target, which will be monitored.

3.1.4Muon Decay in Flight



Muons decaying in flight can produce energetictetes that either have sufficient transverse
momentum to fake signal or that scatter in the@tuptarget and fake signal. In order for the etacto
have energy above 102 MeV, themomentum must exceed 77 MeV/c. Electrons prodbged

decays before and within the transport solenoidranleded in the beam electron background
calculation. Background from decays in the detestdenoid are calculated using a GEANT beam
simulation. The yield of muons with), > 77 MeV/c passing the transport solenoid is ~Q0HB)* per
incident proton, the decay probability upstreantheftracking detector 5.2 x 102, and the probability
of having 103 MeV <€e< 105 MeV ang > 90 MeV/c is less than 1210’ with no events seen in a
larger energy interval. With a beam extinction 6f°1the total background in a one year run is leas th
0.03. This estimate can be improved with increasatistics in the simulation.

A second background source is electrons fyordecay that scatter in the stopping target. A GEANT
simulation was used to calculate the energy digtioh of electrons from muons that passed the
transport solenoid and decayed in the region betlezentrance to the production solenoid and the
tracking detector. The kinematic distribution oé$le electrons was then used as input to a simple
simulation of the probability that an electron loé tappropriate energy scattered in the stoppimggtar
with a resulting transverse momentum exceeding 89/l The probability per proton of getting an
electron with103 MeV <E. < 105MeV from az/ decay is 0:5 10 and the probability of scattering
to pé > 90 MeV/c is 2 10°°, resulting in an expected background of 0.04 es/éatan extinction of
10

This background is very similar in kinematic andéidistributions to that from beam electrons and ca
be distinguished from muon DIO and radiative piecal in the same way.

3.1.5Pion Decay in Flight

Beam pions decaying to electrons with> 102 MeV andy > 90MeV/c are also a potential source of
background. Thermomentum must exceed 60 MeV/c for this backgromodgss. A GEANT
simulation was used to calculate the probabilita groton producing a beamwith p,,> 54 MeV/c
passing the transport solenoid: it is .00 °. The probability for a7 to decay into an electron after the
transport solenoid and before the tracking detastix 10 4 and the probability of the decay electron
to haveE. > 102 MeV and > 90 MeV/c is 5¢< 10°°. The background from this source is <*évents
for an extinction of 1.

A second background mechanisnridecay electrons that scatter in the stopping tafdes
background was calculated in much the same walyeasimilar process fordecay. The number of
electrons fromzdecay with 103 MeV €. < 105 MeV per proton is 0810 ** and the probability of
scattering tq; > 90 MeV/c is 4x 10>, also resulting in an expected background oftless 10° events
for an extinction of 17,

3.1.6Radiative /TCapture

Pions are immediately captured by a nucleus ditey stop in the target; about 2% of the captursglre
in the emission of a photon [48] without signifitaniclear excitation. The photon energy spectrum ha
a peak at 110 MeV and endpoint at 140 MeV. The giodity of photon conversion in the Al target,



with a conversion electron in a 1.5 MeV energyrivaibaround 104 MeV is 3.5 10, as calculated in a
GEANT simulation. The acceptance for electrons fpdmton conversion is large).8, since the path
length for conversion is largest for photons erdite 90. The yield of7fs that pass the transport
solenoid and stop in the targeti3x 10’ per proton. With a beam extinction of 10the background is
estimated to be 0.07 events from pions producegartipns impinging on the target between beam
pulses.

The energy spectrum of these events extends tedR¥ MeV. They are distinguished from beam
electrons and muon decay in flight backgroundshig/gpectrum. They also are more strongly peaked to
higher transverse momentum and can be distinguishigis way. As with all prompt processes, the
fluxes of these can be increased by orders of madmiby decreasing the extinction.

A second contribution to radiative pion capturénat due to pions that take a very long time tedrae
the production and transport solenoid and arriib@ttopping target. For these events, the sugipres
factor from the beam extinction is absent. Howesgice our detection window starts 700 ns after the
proton pulse, the pions must live approximately thag and must either move slowly or follow a
trajectory in the transport solenoid that resuita flight time of 700 ns in order to be a sourte o
background. This background is estimated as follé&wstons are caused to impinge on the production
target. The momentum, position, and time coordsate recorded for pions that reach the entrance of
the transport solenoid. These events are thenpoatesl to the stopping target without allowing thiem
decay. Figure.2 shows the distribution in the arrival timets stopping

Time of flight (ns) pions on the target per proton

Figure 3.2: Distribution in the srarrival time for late arriving pions, weighted by the survival probability in the
transport solenoid.

target, weighted by the survival probability. Basedthe time distribution in Figui@2, we take an
accepted time window starting 700 ns after thegrgulse (the minimum flight time to the target is
~50 ns, giving a ratio of late arriving pions peoton of 0.4x 10 *’. The probability of making a
background electron is 5:610 ’, as in the preceding paragraph. Hence, the expbetekground is
0.001 events.

This background is easily calibrated from the dhta to the very strong time dependence. By
measuring the number of energetic electrons asdaifun of time during the pulse, this source can be
directly normalized and an appropriate startingetior the detection window chosen.

3.1.7Antiproton Induced

Another potential source of background is due to-@motons. Only low momentum, < 100 MeV/c,
antiprotons can propagate down the transport smetieey have very low kinetic energy and velocity
and will take a very long time to transit the taoit solenoid. For this reason, they are not sigge

by the beam extinction and arrive at the stoppanget essentially continuously. Since the protogrgy

is nearp production threshold, the production cross seds@mall and strongly depends on the Fermi

momentum in the nucleus, particularly for low momuen p's. This cross section is not well measured,
nor is it well modeled in the GEANT code.



* In general, thep -induced backgrounds can be suppressed in theviokpways:

* Reduce the rate gp production by decreasing the proton beam momeiilow production
threshold.

* Absorption in a thin absorber somewhere in the muamsport.
e Sweeping antiprotons from the beam with crossedd=Bafields.

We have studied the backgrounds arising from awttyms produced at the production target for proton
beam momenta in the interval 5-8 GeV/c. The stuiielsided the appropriate nuclear model for
nucleon momentum and energy distributions, fheroduction mechanisms, and tipeannihilation

mechanisms. Th@ flux was calculated, and from that the flux ofcand electrons from annihilation.

It was found that a thin absorber in the transpgstem is required to reduce the background toAbelo
102 events. This is accomplished without introducidgitional sources of backgrounds or changing
the muon yield. The calculations are discusseéference [49].

Figure 3.3: Antiproton differential cross section at prodiction angles of 0, 90 and 180 degrees, respectively

Figure3.3 shows the differential cross section forproduction at several angles for 7 GeV/c protons

incident on W, calculated using a phase space matelkinematics of nucleons in the heavy nucleus
were modeled [50] including a dispersion relatiopsietween energy and momentum. At low
momentum, antiprotons are produced isotropicalyexgected from phase space considerations. At
high momentum, the production cross section isnglgoforward peaked. Recall that f@ production

on a proton at threshold, the momentum of eachefdur baryons is one fourth the beam momentum.
The p momentum is peaked and slow-varying between 1\2/&eand the production is suppressed for

momenta below 100 MeV/c. The differential crosgisecvas normalized to the measurements of Cork,
et al. [51], for incident proton kinetic energy®fseV on a beryllium target angd momentum of 1.41
GeV/c at 6 degrees exit angle, corrected for tlteependence of the production cross section [52, 53]
This is essentially at the peak of the differentiass section. Other measurements [54] (also on Be
give similar normalization. There is also diffei@hproduction cross section data for 12.3 GeV qmet
incident on copper ap momenta around 1 GeV/c in the forward directios][As a comparison, the
production cross section was also calculated usiegame phase space method for 12.3 GeV incident
protons. The calculated values were smaller thamtbasurements by a factor of 4, presumably because
the phase space method under-estimates the prodatthigher energy where more production
channels open up. Even if the discrepancy betwaemahd theory persisted near threshold for heavy
targets, thep induced background would not be limiting.

The calculated production cross sections were tesgdnerate p's within the MECO production target;
their motion and interactions were then studiedgi§EANT. It was found that most of the low energy
antiprotons that entered the transport system wer@uced at the peak of the production cross sectio
(forward and with ~1.5 GeV/c) and were shifted dowmomentum bylE/dx energy loss and nuclear
interactions in the target. Hence, the predicpedlux is reliably normalized to experimentally

determined production cross sections in the relekiaematic region.

These simulations showed that an unacceptableoflaxtiprotons reached the stopping target with the
nominal transport. The typical kinetic energy wasyMow, and they could be completely absorbed with



a 120xm beryllium window at the center of the transpaotesoid. Figure8.4 shows thep annihilation

positions in the transport with the absorber ircplal'he horizontal line at the position (0,0) isnied by
the many annihilations in the absorber.

To calculate expected fluxes of electrons and pinrise detector solenoid frorp annihilations,
experimentally determined annihilation cross sedtiavere used to generate appropriate numbers and
kinematic distributions of charged and neutral piahthep annihilation positions. These annihilation
products were then tracked with GEANT and partilclees at the stopping target determined. Using
previously determined probabilities that pions atettrons produce background, the expegied
induced background was calculated. The resultingléwel of background primarily resulted from
radiative pion capture with a smaller contributfoom electrons that scatter in the stopping targahble
3.1 summarizes results @ induced backgrounds for different incident protoomenta; the details of
the calculations are discussed in reference [49].

Anti-proton induced backgrounds are very senstivine incident proton energy and in principle ban
studied by changing proton beam energy. They arethk only beam associated background that has a
time distribution with no correlation with the R#wcture in the beam. Backgrounds without time
structure above the level of that due to cosmis raguld indicatep contamination.

Figure 3.4: A scatter plot of the P annihilation positions in the transport system. Otlines of the production solenoid,

the first 90° bend in the transport solenoid and the thin beryilum window that stops all antiprotons that would
otherwise reach the detector solenoid are formed hiyhe dense accumulation of annihilation positions.

3.1.8Long Transit Time Backgrounds

We have discussed two sources of backgrounds feralriving particles: pions that arrive at the
stopping target with long transport times and @nbitons. Late arriving pions are easily calculateith

high sensitivity because we can turn o_ decayssaudty them with high effective luminosity and then
multiply by the very small probability that theyuweanot decayed. Anti-proton induced backgrounds can
be calculated because we can independently cadhlatstopping probability at different placesha t
transport and the probability that annihilationquot produced at the stopping position causes
background. Both are small numbers, and they canuigplied to give the total background probalilit

Table 3.1: The table gives the totalp induced backgrounds for different incident protonmomenta.

p momentum Number of p/p Number of p/p Background
(GeVic) produced entering transport events
5 3.9x107%° 7.4x 10" 7x10"
6 53x10° 8.0x 10 8x107°
7 1.4%10° 1.2x 101 1.2x10°
8 8.5x 10° 6.8x 10 7x10°

Backgrounds from other processes with long traimeis are not so easily calculated because large
suppression factors cannot be independently caémind then multiplied to give a total suppression
The largest contribution to this category is pitmat decay in a region of nearly uniform field {ire

first straight section of the transport solendal,example) yielding a trajectory with very little



longitudinal momentum. Without a muon decay, supaicle would be swept out of the beam
acceptance as it traversed the first curved seddowever, with a muon decay and the electron
subsequently scattering, it could in principle rettte detector solenoid. There is no simple set of
multiplicative suppression factors that can bedated to describe this situation.

To study those backgrounds in a complete MonteoGadhnique to the level of T0events would

require simulating about 1bprotons. Simulating that many events is not pdssjtven available
computing resources. We have adopted a semi-anédginique that breaks this generic type of
background into many classes (depending, e.g.,l@rerhe pion and muon decay) and then calculating
either multiplicative suppression factors for thesay classes or showing that a particular clasaaa
result in a particle surviving the transport.

A full discussion of the calculations is given eference [56]. The potential for long transit timédooth
the production and the transport region is consuleln the transport region, maximum possible itans
times in each of the straight and curved sectismaliculated. We considered all possible decay swode
of u -~ e m- e andr- u - e We also take into account the effects of scatfeoimthe collimators
and the production target.

Some important features of the MECO design allagsiicant suppression of the late arriving pasticl
backgrounds. First an axiBlfield with a negative grade tends to increasddhgitudinal momentum of
charged particles moving through it in helical tsbAs a result of these background calculatiorss, w
have removed all constant field regions of thegpamt, introducing gradients in each of the three
straight sections of the transport solenoid andoreng the constant field region in the production
solenoid. Another important feature is that pagsamnoving in helical orbits in a torus drift in isetttion
perpendicular to the plane of the torus. This salbige th® field has a ¥/ dependence which gives rise
to a radial gradient of the field. The amount oftds approximately proportional to the inverse of
longitudinal momentum. Therefore, a charged partiath longitudinal momentum small enough to
have a long transit time in the curved portionhe& solenoid (produced with that trajectory by aithe
scattering or decay) will drift to the wall and &esorbed in the curved section.

It is further discussed in [57] the requirementgtB field imposed by the above considerations in a
guantitative way. It is found [56, 57] that the ragn of muons or electrons with sufficient energy to
cause backgrounds is negligible whi#yds < — 0.02 T/m at any place whed®}/dr| < 0.2 T/m. The
symbol s is position along the path of the globas af the transport solenoid, ands in the direction
perpendicular ta.

3.1.9Cosmic Rays

Cosmic ray induced electrons are potentially atimgibackground and we have studied it using a
GEANT simulation [58] of the detector and shieldifipe details of the simulation and the shielding
required to reduce the background to a negligikellare discussed in a later section. The corooiusi
these studies is that cosmic ray background caedeed to a negligible level with a combination of
active and passive shielding and detection of exdrécles in the tracking detector. The rejection
techniques consist of the following:

» A passive shield of modest thickness (2 m of caecaed 0.5 m of steel).



* Two layers of scintillator veto counter surroundthg detector, with a combined efficiency for
charged particles of 99.99% (1% inefficiency pe&eld.

» Selection criteria that eliminate events havingngigant evidence of extra particles in either the
tracking or calorimetric trigger detector in timé&mthe electron candidate. With this
suppression, the expected background from cosmcinald s is estimated to be ~0.004 events.

3.2 Physics Requirements

Based on the above discussions, we summarize ffscphrequirements below.

* In order to suppress DIO and RMC backgrounds, W&l of the energy resolution function
should be less than ~1 MeV with no significant hegtergy tails.

» Suppression of the prompt backgrounds from beantreles, muon decay in flight, pion decay
in flight and radiative pion capture calls for dgmd beam structure with beam extinction 0f°10

* A Be window of 12Qum is needed at the center of the second straigtibeeof the transport
solenoid to absorlp's.

» Suppression of long transit time backgrounds puiisgent requirements on the B field inside
the transport solenoid. At any place whel/dr| < 0.2 T/m, we require thatBs/ds> 0.02 T/m,
where s is the global axis along the path of taedport solenoid, andis in the direction
perpendicular to that &

e Suppression of cosmic rays requires a passivedsbighodest thickness (2 m of concrete and
0.5 m of steel) and two layers of scintillator vetunter surrounding the detector, with a
combined efficiency for charged particles of 99.99%

3.3 Expected Performance and Sensitivity

We first discuss the fraction @f captures in the timing window, to which the sawgit is directly
proportional. This fraction depends on the spedifioice of the time structure of the pulsed beam as
well as the distribution of muon stopping times. B&imate this fraction for the scenario in which t
pulse spacing is 1350 ns, corresponding to 2 bunichihe AGS revolution time. The accepted time
window starts at 700 ns after the proton pulsethigsproduction target, We assume the signal time
window ends just before the arrival at the stopparget of velocity ¢ particles from the next pulse
moving with momentum along the transport solenaid.a&igure3.5 shows the/ stopping time
distribution relative to the proton arrival timethe production target. The average stop time Gsr&7
Using this distribution and g lifetime in aluminum of 880 ns, we calculate thaction of muon
captures in the detection time window to be 49%.

Figure 3.5: The distribution in the g stop time relative to the time when the proton bea strikes the production
target.



Other factors entering into the sensitivity arertinening time, the proton intensity, the probapiper
proton that azis produced, transported and stopped in the stgpprget, the fraction of stops which
capture (as opposed to decay), the trigger effogiemd the tracking acceptance. We have not indlude
in this table loss of events due to accidental ¢osay vetos, dead-time losses and losses dueaw st
chamber inefficiencies, all of which are expecieth¢ small. The numerical values of the factors
entering the sensitivity are given in TaBl€. With one year (¥G) running time with the AGS and
experiment working, ~5 events would be detecté?]it= 107*°.

Table 3.2: The table summarizes the factors entering intthe calculation of the expected MECO sensitivitydr a one
year (10 s) run.

Running time (s) 10’
Proton flux (Hz) 4 x10'
Probability ofz/p transported and stopped in target 0.0025
M capture probability 0.60
Fraction ofy which capture in time window 0.49
Electron trigger efficiency 0.90
Fitting and selection criteria (see Tabl@) 0.19
Detected events fdR,e = 10 5.0

Table3.3 summarizes the expected background ratesdmdnsitivity quoted above.

The backgrounds scale in different ways, We tabula backgrounds with the following assumptions.
For 4 DIO and radiativgs capture, the background scales with the numbeagtucedi/s, and hence

is directly proportional to the sensitivity. Theckground from pattern recognition errors is a gjron
function of the noise rate, which is most sensitovéhe rate of muon capture. It decreases rapidly
lower proton beam intensity. For cosmic ray backgds, we assume the sensitivity can be achieved in
10" seconds of data collection.

This background is proportional to the total dadlection time. The background is dominated by
electrons from muon DIO, which contribute a backaa/signal of 0.05 assumirig. = 10*°.

Substantial improvements in discrimination agaihs& source of background can be made with modest
loss in acceptance, as shown in Figlu& For example, the background/signal ratiolmadecreased
from 0.05 to 0.02 with a relative loss in sensijivf less than 10%.

The next three largest contributions are due t@ta@ 77 capture, beam electrons, gimddecay in

flight. These sources (and others identified withaaterisk in Tabl8.3) are proportional to the proton
beam extinction and we have assumed a value 8ffa0this parameter in calculating the backgrounds
shown.

We conclude this section with some general commantsit the proposed sensitivity. First, the muon
yield is now rather closely tied to experimentalasigrements of pion production cross sections. The
technical issues involved in getting the desigmbeé&#ensity have not been proved by example, but
involve relatively modest extrapolations in accater performance. We rely on calculations of the
muon beam parameters, and to the extent posdileles uise realistic beam parameters. Nonetheless,
there is always the possibility that the desigensity may not be realized. The consequence of not
reaching the design beam intensity is that we waualdeve a worse sensitivity or we would run longer
to achieve the proposal goals. The backgrounds sa#h the sensitivity and are independent of Hie r
of data collection, with two exceptions. Backgrosifichm pattern recognition errors scale as a paiver



the instantaneous intensity and will be smalléeidm fluxes are lower and the data are collected av
longer time. Cosmic ray backgrounds are proportitméhe running time and are the only background
source that would be adversely affected by longening time to achieve the design sensitivity.

Table 3.3: A summary of the level of background from varbus sources, calculated for the sensitivity given ithe
previous table, and with scaling as discussed inettext. Backgrounds identified with an asterisk argroportional to
the beam extinction and the numbers in the table asme 10° extinction. The number of background events
corresponds to a 10second data collection period, yielding a sensitty of 5 events forR e = 10

Source Events Comment

4 decay in orbit 0.25| signal/noise = 20 foR,e = 10°*°
Pattern recognition errors < 0.006

Radiativeu capture < 0.005

Beam electrons* 0.04

M decay in flight* < 0.03| without scatter in target

M decay in flight* 0.04 | with scatter in target

rrdecay in flight* <0.001

Radiativerr capture* 0.07| from protons during detection time
Radiativerr capture 0.001| from late arrivingrr

Anti-proton induced 0.00Y

Cosmic ray induced 0.004assuming 10 CR veto inefficiency
Total background 0.45

At the proposed sensitivity, the experiment iseqiected to be limited by background. In additibn,

backgrounds are higher than expected, many of thiirhe learned about early in the running when
time is available to react. For example, if theed#dr rates are higher than expected, the backdrthat
is most sensitive to this (that from pattern recogn errors) can be substantially reduced withlma

changes in beam intensity since they scale as ampoithe intensity.

Finally, while we believe that the proposed sewisytican be achieved in the requested running time,
even a result of a factor 2-5 less than our goahiextremely sensitive test of models that alleptdn
flavor violation and would represent a tremendangrovement over current experiments.



Chapter 4  Beam Structure and Accelerator
Modifications

4.1 Introduction

The AGS is the accelerator proposed to producentease pulsed muon beam required. The natural
way to pulse the beam is to use the acceleratingtREture. The AGS currently accelerates*310
protons in each RF bucket. Our proposed mode aftipa would accelerate two RF buckets, each with
2 x 10" protons. The cycle time would be 1 s and macrg tadtor 50%, 500 ms acceleration and 500
ms spill. The AGS would operate below transitioergly (where the derivative of the revolution
frequency with beam energy is zero). Acceleratioough transition results in instabilities thatiim
bunch intensity; below the instability AGS operatie simplified.

A number of modifications to the AGS operation v required to meet our intensity goals:
» Extracting beam just below transition energy.

» Operating the accelerator with 2 filled and 4 entpinches to deliver appropriate microscopic
1.35 s pulse spacing.

* Implementing a method for reducing background prsto unfilled RF buckets in the AGS,
using kickers in the ring.

» Constructing a secondary means of beam pulsingn@ve protons extracted from the AGS at
times between filled RF buckets.

« Increasing the maximum proton intensity per RF letiol 2.0x 10 protons.

These changes allow the AGS to deliver a protombespable of producing a muon beam of
unprecedented intensity. In subsequent sectiordistess the technical means of achieving each of
these design requirements and describe the muon &ed how its energy, charge, and time structure
can be varied to produce not only a beam for th€€RExperiment, but also for other applications
requiring very intense muon beams.

4.2 Pulsed Proton Beam

As discussed in Chapter 3, a pulsed beam is criciagduce prompt backgrounds to an acceptablé leve
The required muon beam pulse duratior 7, is separated by approximataly= 880 ns, the mean
lifetime of the muon Coulomb ground state in AlnAtural way to do this with the AGS is to fill two

RF buckets, separated by half the circumferendbeomachine, 1.3fs, and then extract the beam

while still bunched. Figurd.1 shows schematically the time structure of ttoppsed beam.



Figure 4.1: A schematic picture of the beam time structureThe top drawing shows the micro-structure, with 8 ns
proton pulses separated by 1.3fs. The shaded region is the time during which convsion electrons are detected. The
bottom drawing shows the macro- structure with a & s train of micro-pulses in a 1.0 s accelerator cle.

Two machine operating parameters are affecteddpdiised beam requirement. First is the amount of
beam extracted between the filled bunches. Thikasacterized by the extinction, defined as thie @it
the proton flux in a time interval 700 ns just brefa filled bucket, the time during which the corsien
signal would be detected, to that in a filled buckecond is the intensity in the filled bucketguieed

to reach the MECQ¥ intensity goal. We believe that acceptable vabfdsoth parameters can be
achieved, based on extrapolation from known aca&leperformance.

The AGS has operated with 6, 8 and 12 bucketsar2tiis revolution time. Minimizing the number of
unfilled RF buckets is an advantage, since onlfigdas in RF buckets can remain in stable orbitsndu
acceleration. We propose that the AGS would ruh Warmonic number 6 (6 RF buckets in the
revolution time) with a total of # 10" protons per cycle (2 10" protons per filled RF bucket).
Currently, the maximum intensity that has been destrated is ~18 protons per RF bucket. AGS
accelerator physicists believe that doubling thesdsg is possible. The optimism stems largely friovo
differences in MECO vs. standard running conditidfisst, only two transfers from the booster to the
AGS will be required. Hence, beam will be storettatsfer energy, where space charge effects are
most severe, for only 160 ms. Second, the beamrmwilbe accelerated through transition. Beam
instabilities at transition restrict the bucket siénduring normal operations and this limitatiol wot
exist. No tests have yet been done of operatiolesign bucket intensity.

Since only two transfers from the booster are meguand we only accelerate to 8 GeV, the cycle tane
short. Tablet.1 summarizes the cycle. It consists of two trarssfrom the booster to the AGS, each
filling two buckets. Each of the two pairs of bueshare then coalesced into a single bucket witklBg V
cavity. The bunches are then accelerated to 7-8&aWl extracted over a period of 0.5 s.

Table 4.1: The table shows the times required for the véous stages in injection, acceleration and extraahn for the
MECO operating mode of the AGS.

Operation Cumulative time (ms)
First booster transfer 0

Second booster transfer 130

Coalesce bunches 160
Accelerate 320

Slow extraction 820

Ramp down and settle 980

There may be advantages to producing a pulsed ha@inspacing 2.7s. This could be achieved by
running the AGS at higher harmonic number (12 efaample) and filling two adjacent buckets. The two
filled buckets would then be coalesced just be&xteaction, resulting in a single bunch in the 2s7
revolution time. This running mode is particulaalgvantageous if a calorimeter with long collection
time, e.g., BGO crystals, is used. It would alloveager detection time (up to 1.8 out of 2.7.5),
resulting in a gain in sensitivity per unit runnitigne. The disadvantage is the higher instantaneous
intensity, since all beam is now in one bunch nathan two. Accelerator physicists in CAD have said
that either mode of operation could be achieved,tha operating mode would not have to be decided
until rather late and could be changed during #peement. It is likely that the second mode of
operation will be required if a BGO calorimeteused.



Some tests have been done [59, 60] of the extmetith the help of AGS personnel. One RF bucket
was filled and accelerated to 24 GeV, and extraotedthed. We measured the trigger rate in a neutral
kaon decay experiment at various times with resjpettte RF bucket. That trigger is known to have
unmeasurably small rate when high energy protoasar hitting the production target in which kaons
are made and the rate is proportional to the fapeatons hitting the target. Figude2 shows the

relative intensity as a function of time with resp® the filled bucket. The extinction between kets

is below 10° and in unfilled buckets is of order 0The solid histogram and dots are result from
measurements with a QVT and scalers, respectidelyt were used in order to get both a good measure
of the main pulse shape and a good dynamic rartgeeXtracted pulse has a width of about 30 ns.
During these tests, no time was available to unaedsthe source of beam in unfilled buckets nor was
any tuning done to reduce beam in unfilled buckets.

Figure 4.2: Plot of the beam intensity as a function ofrhe with respect to pulses in the bunched beam extcted from
the AGS.

A second study was carried out using the E787 tetethat experiment uses 24 GeV proton
interactions incident on a platinum target to prela secondary beam of 720 MeV/c Khe beam is
defined by a series of counters including a Cerermdunter and Pb glass counter. For the test, the
proton beam was extracted at 7.4 GeV/c and thensecy beam tuned to 200 MeV/c. Pions of
momentum 200 MeV/c have approximately the samede#®0 MeV/c kaons and will trigger the
Cerenkov counter. The pion rate was measured lbynaidence between an upstream scintillation
counter and the Cerenkov counter.

One RF bucket was filled, producing bunches sepdray 2.7us. Approximately 10pions per 0.3 s
spill were counted. The measurement consistedtefréing the total pion rate and comparing ithe t
rate between bunches. The total rate used a ceimogdwith a signal 900 ns long centered on the
extracted RF bucket. The background was in a 1806tarval between the filled bunches. The
extinction (defined as the ratio of these courggatorrected by about a factor 2 for saturaticeg w
measured to be ~1:010°". Again, the test time did not allow significanhing to improve the spill
quality.

It is possible, but unlikely, that by appropriat@ing of the AGS a pulsed beam with extinction telo
109 can be achieved. If that is not the case, a meginsproving it is required. Two possibilities have
been explored. The first involves a system of &iekin the AGS ring. This method of improving the
extinction has the advantage that the kickersnwill continuously during acceleration and require
relatively small field since the beam is kicked méimes. The basic idea of the system is to use two
magnets in the AGS ring. One magnet produces @ ringldulated at 60 kHz. This would serve to
destabilize the beam, and only low field is reqdiifer this purpose. To preserve the stability @f th
beam in the filled RF buckets, a kicker is operatethe frequency of the filled RF buckets, abatQ 7
kHz in the case of two filled buckets in the 2&/revolution time of the machine. The field intdgna
this kicker is adjusted to be equal and oppositeagnitude to that of the sinusoidally modulated
magnet, and it fires only when the filled buckeasgthrough it. Hence, the net momentum transfer to
protons in the filled RF buckets is zero.



A second solution is a pulsed electric or magniatker [61] in the proton transport line. A kickeould,
for example, divert an 8 GeV beam by 2 mrad. Therbeould then be focused onto a septum magnet
at the end of a drift path following the kickerchuhat the beam could then be transported tg/the
production target during the active part of theyduycle and dumped during the rest of the dutyeycl
By measuring the diverted flux during the off cyoiea short secondary beam, the extinction of the
beam as it exits the AGS would also be monitored.

An efficient way of producing a rectangular pulsar that achieves this goal is described in refese
[61]. The idea is to develop the appropriate titnecture (rectangular, for example) by driving meign
at the harmonics of the pulse frequencies at ang@g that correspond to the Fourier decomposition o
the desired time structure. Since these devicehaaa relatively high Q, significant power savings

be achieved, and the driving electronics can beeradtraightforward. The currently preferred salntis

a magnetic device, basically a series of strip-iregnets.

With the expectation that the internal AGS kickesctribed above will achieve the desired extinction,
we currently propose to build a single device ragrat 740 kHz. This kicker would be run with the
beam pulses synchronized with the maxima of thenmtagfield, and would divert unfilled bunches in
the opposite direction. This mode of operation nexpumore careful control of the amplitude of treddf
and gives better separation of filled and unfilkeshches (compared with synchronizing the pulsels wit
the zero crossing). A peak magnetic field of 0.00746 a magnet 5 m long would result in a separatio
of filled and unfilled bunches by ~21 mrad. A baopper magnet with those parameters running Qith
=300 and a field volume of 2010 x 500 cni would require 35 kW delivered at 740 kHz. Retugnin
the field in ferrite would reduce the stored powgra factor of two, but would have a somewhat lower
Q due to losses in the ferrite; the required RF pasabout 24 kW.

The simplified external kicker would provide sondelgional extinction and would also allow a
measurement of the beam extinction as it leaveA@® and allow early detection of problems with the
internal kicker operation. This is done by meagythre intensity and time structure of the diverted
beam between pulses. This intensity is rather lotveasily measured with a simple counter system.

We note that developing the operating parametetiseoccelerator could begin as soon as the MECO
Project is approved. Indeed, some tests have glteaeh done. We propose that both kickers be built
early in the construction phase to allow the maelpearformance to be optimized prior to finishing th
construction and beginning the commissioning ofetkigeriment.

Both the internal and external kickers have beesetbby CAD personnel, albeit with different levefs
sophistication. A rather reliable costing of theermal device is based on a specific design. A ephal
design is used for the costing of the external@evlhe current estimated cost is dominated bygdise
of commercially available broad band RF amplifigitss significant personnel costs due to the
uncertainty in the final design. We anticipate gigant savings in the final cost of the externavite.

Figure 4.3: Beam bunches and AC dipole (above), and Beamriches, kicker, AC dipole (below).

Figure 4.4: Beam bunches, AC dipole, fast kicker.



Chapter5  Proton Beam Line

The MECO experiment will be constructed in the A@&n experimental hall [62]. For over two
decades this has been where most high energy ghygaeriments have been conducted at the AGS.
The main experimental hall was designed to acdeqt integer resonant extracted beams (also known
as slow extracted beam or SEB) [63, 64]. The AG# ragperimental hall consists of 4 primary beam
lines, designated A, B, C, and D lines. The MEC@eginent will be constructed at the end of the B
Line, which will be modified for dedicated use byEKIO.

MECO will make use of an 8 GeV/c third integer meaot extracted mini-bunched proton beam, in
which bunches are spaced at 1/85A specific requirement of the experiment is thatextinction
between bunches be at least’1@ith a goal of achieving 210. The experiment will run with an
integrated intensity of 4 10" protons per pulse, with a macro- pulse length.5fs0at a repition rate of
1.0 s. To achieve this the AGS must run with 2 In@san the accelerator, separated by half the AGS
revolution period. Each bunch will consist ok 20" protons [65, 66]. The process of extracting a
bunched beam using third integer resonant extracsidescribed in reference [67].

5.1 Proton Beam Line Design Constraints

The AGS switchyard, from which the 4 primary beames branch o_, is capable of accepting #00
mm-mrad 95% normalized proton beams [68] at 24 GeWie 8 GeV/c, 4 10" protons/pulse mini-
bunched beam will satisfy this constraint.

The beam line will include an external kicker magméich will run synchronously with the main AGS
RF at 0.74 MHz. This is included to sweep away iatgr-bunch particles, as part of the systems that
will allow achieving the 1& 10 extinction. This magnet will vertically kickéhunches by 1.05 mrad
and any inter-bunch particles by -0.50 mrad. Twengyers downstream of the kicker will be located a
Lambertson magnet which will bend inter-bunch péet into the extinction beam line. The extinction
line will be instrumented to detect any inter-bumpelnticles. The main bunches will pass the Lambarts
magnet undeected to the MECO target. The beamreggents for these systems are a primary
constraint in the design. We must define a parakam, which is less than 3 cm in diameter, through
the kicker magnet. The beam divergence at the Lastemagnet must also be small. We require
enough drift space between the kicker and the Latsdeto ensure the primary bunches easily clear th
septum. We also require enough drift space fronL#mebertson to the target station to ensure tisere i
sufficient clearance between the two beam linesnhttble the use of conventional elements and to
provide sufficient space to include shielding amstriumentation in the extinction line.

The required beam spot on target is 95% of the iean 8 mm (or smaller) diameter. In addition, to
enable reducing thermal stresses in the targemayerequire a spot with a uniform beam distribution
This can be achieved either by rastering the beatarget or possibly through the inclusion of highe
multipole magnets in the lattice design. Upstredne target location, at the entrance to the sotkn
the beam spot needs to be small, to minimize thied@ameter at the entrance to the solenoid magnet.
The final quadrupole also must be located suchtheastray field outside the quadrupole does not
exceed 5 Gauss at the solenoid.



5.2 AGS B Line Modifications

A layout of the proposed beam line is shown in Fedul. The existing B line was designed
Figure 5.1: Proposed layout of the MECO proton beam line.

to transport high intensity proton beams. Exisshglding and infrastructure will be utilized aschuas
possible, however, in order to provide the lataoe to support both the main beam transport, the
extinction beam line, and the new external kicket hambertson magnets, most of the existing B line
will have to be removed and re-built. More speaillig, the B-Line will remain intact up to and
including the 8 bend, after which will be located the new kickeagnet. The lattice optics will be
designed to provide a parallel beam through thieekiand the Lambertson. Quadrupoles will be
positioned between the kicker and Lambertson tonsgtrically match the parallel beams through the
two elements. A final set of quadrupoles will bagad to provide the final focus on target. Fighiz
shows the predicted beam envelope from the exittpdithe AGS down through to the MECO target.

There currently are three secondary beam lineshwitrianch o_ the B line. All these will be removed
and only the MECO experiment will run o_ the newr. Equipment to be removed will include 27
magnets, cables, cable trays, and power supplesldég and labyrinths will be removed or modified
Existing fences and stairs will be removed and rinedli Existing vacuum pipes and instrumentation
will be removed. Much of the existing equipmentl\w# handled as radioactive waste, since it ig@&ot
usable. This includes vacuum elements, flanges pguand instrumentation. Targets used by previous
experiments will be removed as high radiation waSteme shielding will be handled as high radiation
waste (shielding in direct proximity of old targeeas).

Figure 5.2: Predicted beam envelope for the 8 GeV/c MECGnke.

5.3 Proton Beam Line Design

Through the utilization of existing elements inrft@f the 6 degree bend and re-arranging the fagusi
elements between the 6 degree bend and the oldy& tacation we will be able to define a parallel
beam at the location of the RF kicker magnet antieatocation of the Lambertson magnet. A 22 mrad
bend between the RF kicker and the Lambertsonalidliv defining the coordinate line of the main
beam transport and provide enough room for thaetktin line which will lie between the main B line
transport and the C line. A second 35 mrad berdenmain beam line just before the final focus will
allow having a final beam switch before the tagg@enoid and will provide a cleaner beam on tabget
acting as a sweeping magnet for off-momentum pastidll elements in the line will be either
refurbished or existing magnets, with the exceptibthe Lambertson magnet, which will have to be
designed and built.

Many other important items are under consideratimmention some of them here. Switchyard
vacuum is normally in the range 26- 10° Torr. This is sufficient for most of the MECO be#ine,
except in the area of the RF kicker, which willueg vacuum 1T Torr or better. We will use
conventional SCR power supplies for most of thenelets. All of the power supplies are existing
modules, either in use or to be refurbished. Cdmfiar the elements will be through standard power
supply interfaces already in use for beam line ragower supplies. PLC interface modules will be
used for vacuum status. Instrumentation will berifistced through VME scalers, VME MADC, and flag



frame grabber systems. Beam line instrumentatidincamsist of loss monitors, flags, and a targe€CSE
Loss monitors will consist of two types, long calderization chambers that will extend along large
sections of the beam line and small bottle type tasnitors that will be attached to the beam pipe.
There will be six new flags and camera systemsliest, in addition to existing flags. A final sectamy
emission chamber will be installed at the end efrtiain beam line for monitoring intensity. Sincerth
is insufficient shielding block inventory at th&s%&, additional shielding materials will need to be
purchased. Design issues related to beam motieariaius points in the beam line need further study.



Chapter 6  Muon Production Target and
Shield

The proton beam is directed onto a heavy targétinvthe production solenoid (see Section 7.2) which
has an axially graded field. The use of a produactawget in a graded solenoid was first discussed
Djilkibaev, Lobashev, and collaborators [36, 37/eir ideas were subsequently adopted by proponents
of the muon collider [69, 70].

Pions produced in the target with transverse moumettelow ~180 MeV/c travel in helical trajectories
within the clear bore of the solenoid and decamtmns. The graded axial field results in a magnetic
bottle open in the direction of the muon beam. trarece of the quantitptle and energy conservation
imply that particles originating at the target ezflected from the closed (upstream) end of thdddt

whereBmaxandBrarger are the values of the axial component of the miagfield at the target and the
upstream end, respectively, afids the angle of the pion with respect to the isoi@ axis at the target.
For the production region magnetic field values, ltses cone, where particles are not reflectedahas
half angle of about 30and hence the solid angle acceptance for piorumajs ~93%. A fraction of the
muons produced are captured in the transport siolésee Section 7.2) which passes them to the
stopping target.

The average number of muons reaching the stoppiggtt per incident proton depends on many factors.
These include the target material, density, shppgtion and orientation, the proton beam enetyy, t
strengths of the magnetic fields in the productiad transport solenoids, the clear bore of the
production solenoid, and the sizes of the collimatsed to select muons of the appropriate momentum
and charge. The optimization of the target propstis discussed in Section 6.1 below. The targggde
must also address the high temperatures and atsbaigernal pressures generated by¥0™ protons

per AGS cycle. Engineering studies of thermal sessre summarized in Section 6.2 below.

The cold masses of the superconducting productidrtransport solenoids must be protected from the
heat and radiation emitted by the production targ@irevent energy deposition that could trigger
guenching. Estimates of the heat load on the ptazlusolenoid are given in Section 6.3. A shield is
required to limit heat and radiation loads to atable levels. The shield design is envisioned tosizi

of a 40 cm thick cylindrical shell surrounding ghduction target and extending for 5 m along the
length of the production solenoid. It consists ryost copper, with an insert of tungsten coveritgat
25% of the surface area in the regions of greasesation flux. The shield is also discussed irt tha
section.

Both the shield and production target is suppoviihin the volume of the production solenoid via a
“strongback”, which serves both as the supportctiine and as the vacuum vessel for the muon
beamline in that region. It has provisions for m@tio the transport solenoid vacuum and portsher t
proton beam entrance and exit. The strongbackssribed in Section 6.4.



6.1 Muon Production and Target Design

The basic principle of the production region igsltirated in Figuré.1, which shows a schematic view

of the production and beginning of the transpol¢soid. Current design of the production solenoid
region calls for a graded magnetic field with maximvalue of the axial component 5 T at the upstream
end of the production solenoid, decreasing linetar®.5 T at the downstream end. The target, méde o
tungsten, has its long axis rotated at With respect to the solenoid axis. In the figuns ia 16 cm long
and 0.8 cm diameter cylinder, but because of tdrgating discussed below, the actual geometry is
somewhat more complex.

Figure 6.1: Schematic drawing of the production solenoidlhe incident proton beam enters from the right. Abwe the
drawing is a plot of the axial component of the maggtic field in this region as a function of z, theoordinate along the
solenoid axis.

The proton beam enters from a hole in the downstn@all of the solenoid (-400 cm in Figusel);
non-interacting protons exit through a larger holéhe upstream wall (- 800 cm). The directiontué t
proton beam is opposite that of the muon beamderao reduce the fluence of low energy photons and
neutrons into the muon channel and eliminate caraptins associated with the interactions of the
diffuse exiting proton beam and the beginning efmfuon transport. The entrance to the transport
solenoid is defined by a collimator of radius 15.cm

Tungsten has been chosen as the target materigs figh density, 19.3 g/ ciphigh melting point
(3683 K), mechanical stability at high temperat{yield strength about 5800 psi at 2000 K, thermal
expansion coefficient 6.0 10 /K at 3000 K) and expected large pion productiarssrsection.

The calculated values of particle fluxes in therbeae based on GEANT simulations of proton
interactions in the tungsten target. GEANT hasrétyaof hadron interaction codes, and we have
primarily used GHEISHA. However, there is signifitaariation between different codes for the total
77 production cross sections and kinematic distrdngi For example, the GHEISHA and FLUKA
codes differ by a factor ~4 in the muon yield &@&V incident proton energy; the variations with ralod
were discussed extensively in the original MECQppsal [38]. In order to reduce the uncertaintyhia t
muon yield (and hence the sensitivity of the expenit) due to the uncertainty in the hadronic models
of low energy hadron production, we have scaledebalts from GEANT (with GHEISHA) by a factor
determined from comparison with measuregroduction cross sections in proton tantalum adgons.
The effect of this scaling is to reduce yields bhaetor of ~2 with respect to the GEANT + GHEISHA
prediction. The backgrounds that depend directlpion production rates have also been scaled in the
same way.

The data to which we compare our simulation arsnfrateractions of 10 GeV/c protons with tantulum,
which is adjacent to tungsten in the periodic chddasurements [71] include the invariant cross
sections forz production as a function of pion kinetic enefiggnd production angl@ measured in the
reactionp'Ta — 77 + X over the full angular production range and fpeB0 MeV/c. One mm thick Ta
plates with spacing of 93 mm were placed in a 2opane bubble chamber that was operated under a
magnetic field of 1.5 T. Pion trajectories were fodently identified with minimum momentum of 80
MeV/c (T = 21 MeV). The measured averagemultiplicity at 10 GeV/c is 1.5% 0.03. The
experimental7 inclusive differential cross section measuremdnggther with a phenomenological fit,
are shown in Figuré.2. The dependence of the invariant cross sectinriies7 kinetic energy is well
approximated by an exponential functiér: C exp(—T/Tp). The total pion production cross section for



Ta at 10 GeV/c found by integrating this formuldahwiitted values ofC andTy is 2.36 barn. With a
nuclear inelastic cross section for Ta of 1.56 p#rare is good agreement with the measured pion
multiplicity of 1.51.

To compare the MECO muon flux simulation usingltheron codes with the experimental data, a Ta
proton target$ = 16.6 g/ cm) with length 19.34 cm (1.67 nuclear lengths) aadius 0.4 cm was

studied. For the muon flux calculations, the GEABIZ1 code with the GHEISHA hadronic model was
used. A proton beam with Gaussian shapesartby = 0:2 cm was caused to impinge on the target. The
proton interaction point was chosen using GEANT trens7 were produced at that point according to
the measured production cross sections. ;Thehere then tracked using the GEANT code and the
resultingy yield calculated. The ratio of thig yield based on measured production cross sedtons
that based on GHEISHA is 0.54. We scale all resbdsdepend on pion yield at 8 GeV/c down by a
factor of 2 to account for this difference and émergy dependence of the production cross sethien,
latter taken from a GEANT calculation.

We are currently exploring an opportunity to dilgcheasure the pion flux from a Tungsten target of
the shape and size chosen for MECO in an 8 Ge\bpiotam. The HARP experiment [72] at the
CERN PS will measure secondary hadron fluxes dwefull solid angle produced by proton and pion
beams of 2-15 GeV impinging upon thin and thickleactargets. HARP is aiming to provide the basic
pion production data needed to optimize proposedrime factory source designs and to improve the
calculation of atmospheric neutrino fluxes. Cledhg former goal is entirely consistent with oueds
and by working with the HARP collaboration we hapemprove the accuracy of both muon flux
predictions and backgrounds tied to the pion prodncross section.

Figure 6.2: The plot shows thes7_ inclusive differential production cross sectionn different angle intervals for 10
GeV/c protons incident on Ta. The lines are the redt of a fit to an exponential formf = C exp(=T/Ty).

The yield of muons depends on the target shapertten energy, the value of the field in the
production and transport solenoids, the clear bbthe production solenoid, and the size of the
collimators. The yield was optimized [73, 74] wittspect to variations in these parameters. It is
relatively insensitive to small variations in targesition and to the target length in the rangé220

cm. The yield decreases by about a factor of twh tairget radius variations between 3 mm to 9 mm
due to absorption as the pion exits the targetaarnitipasses through it again while moving in &chél
trajectory in the production solenoid. We currentbe a target radius of 4 mm. This has some
implications on target heating, as discussed belowddition to being necessary because of the
incoming proton beam angle, the target tilt alspseeduce scatter of pions following a helical
trajectory. For a 5 T maximum field in the prodoatisolenoid and a 15 cm radius collimator, the muon
yield decreases by only ~3% in going from a 30 orG cm radius clear bore. This region may thus be
available should more shielding be necessary.

Figure6.3 shows the a scatter plotfproduction positions in the region of the prodostsolenoid.
Most 4" are produced in vacuum around the production tavggle manyy' are produced in the walls
of the production solenoid and in the target fraopped7.

Figure 6.3: The plots show the location of/" (top) and 4 creation points in the production solenoid. Mosj/" are
generated in the walls of the solenoid (“surface mans”), whereas they” come largely from 77 decay in flight.

To reduce pion loss, the target support structiiogllsl also be as low in mass as possible. Themptio
currently under consideration consists of thin giag wires to hold the ~155 g target in place, &ith



system of springs designed to take up the mm stat& produced when the wires expand upon heating.
Absorptive material is also minimized by using editin alone to cool the target. This puts stringent
constraints on possible target geometry and isidgad in the following section.

6.2 Target Heating

The use of a heavy target in a very intense prbaam requires careful consideration of target hgati
To minimize absorption off in support material in the production solenoid,prepose to use a
radiation cooled target, suspended in position wety low mass supports. Tungsten's high melting
point makes a radiation cooled target possible gv#mthe very high proton flux and resulting energ
deposition.

Table 6.1: Average energy loss per proton and heat poweelease in the tungsten target by 8 GeV/c proton laen with
emittance 6 7smm-mrad.

Hadron Average Target Target Average Peak Average
Code Current Radius Length Loss Power Power
(p/s) (cm) (cm) (GeV) (kW) (kW)
GHEISHA | 4x 105 0.4 16 0.7 9.4 4.7
GHEISHA - - 20 0.8 10.2 5.1
FLUKA - - 16 0.7 9.4 4.7
FLUKA - - 20 0.8 10.2 5.1
GHEISHA - 0.6 16 1.0 12.8 6.4
GHEISHA - - 20 1.1 14.0 7.0
FLUKA - - 16 1.0 9.4 6.4
FLUKA - - 20 1.1 10.2 7.0

A simple first approximation to target temperatigrebtained by assuming that the target heat
conduction is sufficiently high that the temperatig independent of radius and that it does néaviol
the micro time structure (~1 MHz) of the beam.His tmodel, the heating depends on the beam
characteristics, 40 Tp in 0.5 s bursts and a ldgetition rate, and on the target surface areajtativ
cnt for a 0.4 cm radius 16 cm long cylindrical target.

The power deposited in the target is determinech facGEANT simulation; it is not very sensitive et
hadronic code used. Tal#el shows the GEANT [75] simulation results for mge energy loss per
proton and heat power release in the tungstenttbog8 GeV/c protons. The calculated average gnerg
loss per proton is equal to ~0.7 GeV/proton an® &xV/proton for target lengths 16 cm and 20 cm,
respectively, equivalent to a peak power of 9.4&wWl 10.2 kW. The longitudinal distribution of the
average energy loss per primary 8 GeV/c protohasvs in Figures.4.

By equating the average energy deposition withradéated energy, the latter given &yT*, whereeis
the emissivityg the Stefan-Boltzmann constant, and T the temperatuKelvin, the steady state
average temperature is ~2650 K, well below tungsteelting point.

A more careful structural analysis calculation basn done [76] which takes into account heat tr@amsp
in the target. This calculation shows that a simglender is not mechanically stable under these
conditions because of stresses induced by longi#ldind radial temperature gradients.



Significant reduction of target temperature cambi@eved in several ways: segmenting the target to
increase the radiative area and decrease radipktamure gradients, use of a high emissivity cgatin
and using a more uniform beam profile to decread®al temperature gradients.

Tungsten surfaces with higher emissivity (~0.9)éhbeen formed using methods such as chemical
vapor deposition. We are exploring with engine¢iBNL and materials scientists at the College of
William and Mary whether this type of surface canpoepared on a solid tungsten cylinder. The use of
materials other than tungsten for the surface gasiralso being considered. Such coatings also theve
advantage of eliminating oxidation of the tungstarface in the unlikely event of catastrophic loks
vacuum while the target is hot.

Table 6.2: Properties of tungsten as a function of tempeture.

Temperature(K) 300 500 1000 1500 2000 2500 3000
K(W/cm) 1.6 1.4 1.25 11 1.006 0.9 0.85
C(J/gK) 0.1313 0.1380| 0.1465| 0.1570| 0.1723| 0.1946| 0.2255
Density(g/cm) 19.3 19.3 19.3 19.3 19.3 19.3 19.3
Linear Thermal Expansion (19 0 4.04 4.42 4.82 5.22 5.61 6.0
Elasticity (N/cnf/10") 4.1 3.8 3.6 3.4 3.2 2.8 2.3
Yield strength (MPa) 1519 150 110 75 4( 20 NA

The structural analysis used many different prqtetiarget types each of which consisted of 16 ¢rg lo
tungsten divided into pieces whose thickness apdragon were varied. All of the targets have ausd
of 0.4 cm. The emissivity of the target and therbg@ofile (uniform or a gaussian ef= 0.2 cm) were
also varied. The properties of tungsten, the desSon of the target models and the results of the
calculation are presented in Tabl€ and Tabl&.3 for a subset of the targets studied. Figubeshows
the results for a target consisting of 0.4 cm dsiqsarated by 0.8 cm.

As can be seen in the table, it is possible toinptéth a small enough disk thickness and largeugih
spacing, a target which is mechanically stable unde beam conditions.

Figure 6.4: The longitudinal distribution of average energ loss per primary 8 GeV/c proton in a cylindricaltungsten
target (L = 16 cm,r = 0.6 cm). The profile is similar for a target 0f0.4 cm diameter.

Table 6.3: Stress calculation of heated tungsten targetiti gaussian beam model.

Slice Thickness (mm) 3 4 4 2 1 4 4
Slice Spacing mm) 8 8 8 8 8 8 8
Emissivity 9 4 9 9 9 9 9
Max T on spill (K) 2396 2705| 2236| 2032 1803| 2271| 2285
Axial Stress (MPa) 85.8 18.1| 18.2 2.5 1.0/ 13.4| 115.2
85.8 18.1 18.2 2.5 1.0 13.4| 115.2
Hoop stress (MPa) -95/1 -20.5| -20.0 -2.5 -0.7| -23.6| -37.7
94.5 73.5 71.4 441 31.1] 104.9| 105.5
Radial stress (MPa) -83|5 -74.5| -72.2| -449| -29.9| -44.8| -26.9
446| 23.6| 238 1.9 09| 582 342
Von Mises (MPa) -87.1 -744) -72.1| -45.0| -30.1| -44.8| -26.9
82.7/ 70.0/ 67.6/ 43.4| 30.7| 89.0] 95.2




However, these targets are longer overall thaessrable. We are currently investigating a tapered
target consisting of smaller radius disks upstreBis will result in smaller radial stresses du¢ai@et
size where the energy deposit is largest, but adoger radii downstream where the beam has spread
due to multiple scattering.

Figure 6.5: Temperature profile calculated for a target casisting of 0.4 cm long disks of radius 0.4 cm segzded by
0.8 cm.

6.3 Solenoid Heat Load and the Heat and Radiation Shidl

The heat and radiation load from the particle sprayhe super-conducting solenoid surrounding the
production target could cause the magnet to quené&il due to radiation damage, and in any cadle wi
represent a heat load on the refrigeration sysgmulations using GEANT have show that a
combination of copper and/or tungsten shielding aylindrical shell surrounding the 30 cm radiwsacl
bore can reduce the local instantaneous heat tlhadverage heat load, and the radiation load rated
over the lifetime of the experiment to a manage&del.

To estimate the heat load on the super-conducbig, @ GEANT simulation was run for 8 GeV
protons hitting the tungsten target inside the sgpeaducting solenoid [77, 78]. Copper and/or tuegs
shields of different thicknesses were studied.rédiminary calculations, the solenoid cold mass was
approximated by a 6 cm thick aluminum shell immeadjaoutside the shield. These studies were done
with different hadronic codes: GHEISHA, FLUKA, aBtHIELD. Figure6.6 shows the energy
deposited in the cylindrical shell correspondinghe cold mass is insensitive to the hadronic model
chosen. For subsequent studies only GHEISHA, thaNBEdefault model, was used.

Figure 6.6: Power deposited in a 6 cm thick cylindrical alminum shell surrounding copper shields of differem
thickness for different hadrons codes. All codes gé approximately the same result.

Following a conceptual engineering design of tHersmds by the NHMFL, calculations were done for
a cold mass consistent with that design (a raiekness of ~24 g/ cfj again for different shield
thicknesses of copper or tungsten. Tdbkegives results for the total heat load, the mmaxn
instantaneous local heat load and the maximumtradibbad in the lifetime of the experiment.

Table 6.4: The table gives the energy deposited in a mdd# the production solenoid cold mass for differehheat
shield configurations. In all cases, the shield ham internal radius of 30 cm and a length of 440 cm

Configuration Average total power maximum power | max. radiation load
(W) (LW/g) (MRad)

30 cm copper 108 151 146

40 cm copper 52 65 62

30 cm tungsten 28 43 41

40 cm tungsten 10 14 14

Even for the case of a shield of 30 cm of copplétheee parameters are acceptable from the pdint o
view of reliable operation of the magnet and longteadiation damage. We anticipate that we will use
a mostly copper shield with some heavy insertséregion of most intense particle spray in order t
reduce the heat load to below 50 W.



Figure6.7 shows a heat shield which is about a thirdgtergby mass, and FiguBe8 shows the
distribution of average heat load as a functioazimuthal angle and axial position for this
configuration. It is apparent that the heat loadoiscentrated in a relatively small region upstrésm
the direction that the protons are moving) of thedpiction target.

Figure 6.7: A heat shield configuration with tungsten (gren) placed at the high particle flux regions.

A calculation of induced activity was done using NFEX to calculate neutron flux, the expression for
induced activity by Barbier [79], assuming the tgiphoton has energy 500 keV, and a numerical
integration over the bodies divided into patchdee fesult is that, with appropriate downstream
shielding, after 1 month of exposure the inducead/i#g 30 cm from the cryostat wall is about 53 réam
after 1 hour cooling time, 23 rem/hr after 1 dayd 4.3 rem/hr after 10 days. Shielding around MECO
will thus be necessary, but at this radiation leaejet replacement is possible with an appropyiate
designed device.

Figure 6.8: Angular and axial dependence of power deposidean solenoid cold mass for a copper - tungsten sd in
keV/proton/bin. For 40 Tp per second 1 keV/proton/in = 6.4 mW/bin.

6.4 Target and Shield Strongback

A detailed engineering design of the strongbacioisyet available. The ~50 ton heat shield disaligse
the previous section is supported by a cylindngal-magnetic steel “strongback” of thickness one to
two inches. The strongback can serve as the salepiport if necessary, but this has been lefhas a
option available in magnet design.



Chapter 7  Superconducting Solenoids

7.1 Overview

An important part of the MECO beam line and expenins the system of three superconducting
solenoids in which the muon production target, mwansport channel, muon stopping target, and
conversion electron detection apparatus are locateslsystem of magnets has the following important
functions.

* Theproduction solenoidPS) is a high field solenoid with an axially geadield in which the
muon production target sits. The purpose of thesR&trap in the evacuated borethat are
produced in the target, provide an evacuated regiarhich the pions decay to muons, and
direct the muons into a transport channel.

» Thetransport solenoidTS) is a set of solenoids and sections of torthds provides a magnetic
channel through which muons are transported ircalirajectories to the stopping target. The
TS and collimators in the TS are designed to tranieny energyy with high efficiency while
attenuating positive particles and high energy hegarticles.

» Thedetector solenoidDS) is a large, relatively low field solenoidwhich the muon stopping
target and the conversion electron detection apys&rs installed. It has an axially graded field
in the first 40% of the solenoid (to improved cersion electron acceptance) and a uniform
field in the region of the detectors.

The solenoid system is contained in MECO WBS itedn This item comprises the coils and cryostats,
cryostat vacuum system, cryostat mounting systeuid helium refrigerator and cryogenics control
system, power supply, quench detection and cosysiem, and the installation and initial testing an
operation of these items. It includes all desigmkyavith the exception of development of the phgsic
requirements and pre-conceptual design work (comblend a conceptual design study (in progress
using R&D funding) that will produce a conceptuabin report and a set of technical specifications.
Since this is a major part of the MECO experimeoitrf the point of view of cost (~45% of the
estimated MECO cost), schedule (the critical ptim) and technical, and need for major industrial
involvement in the construction, a plan for theigesnd fabrication has been developed by the Eroje
with the concurrence of the Laboratory managemeditae NSF. The subsystem work will be led by an
engineer or physicist who is experienced in thegmheand fabrication of large superconducting magjnet
who will serve as the subsystem manager (SSM) arnldeaChair of the Magnet Design Management
Group. This group will consist of (in addition teet SSM) a MECO physicist knowledgeable about the
physics requirements of the solenoid system arehgmeer or physicist from BNL who is experienced
in the installation and operation of supercondurtimagnets at BNL. These people will draw on the
required expertise at BNL and in the MECO collabioraas needed.

The procurement plan that has been outlined b¥tbhgct with the concurrence of the BNL ALD and
the NSF starts with the Conceptual Design Studythedvork of the MDMG as described above. The
next step is a decision on the engineering desigrfabrication. One possibility is a procurement by



competitive bid for a build-to-specification fixexbst contract with an industrial concern for the
engineering design, manufacture, and installa#tosecond is a build-to-print procurement of major
pieces, with engineering design and installationedioy an organization (BNL or perhaps another
National Laboratory). The mechanism by which themeurement decisions will be made is outlined in
the RSVP response [80] to an NSF Panel Reporttfétjwas endorsed by the Panel [82]. The general
strategy for procurement was endorsed by an edifsér Panel [83] and by a panel appointed by MECO
[84]. In the remainder of this chapter, we willaliss the magnetic field specifications, the impurta
interface issues, and the status of the concegasagn study.

7.2 Magnetic Field Specifications

The MECO magnet system regions and field specifinatare summarized in Figurel. Specifications
for the magnetic field in the solenoid system hlbgen developed to meet the physics requirements
discussed in chapter 3 in a cost effective way:

* maximize the number of low energy muons that aoelypced and brought to rest in the stopping
target;

* minimize the interactions of the outgoing protomatmein the magnet systems;

* minimize the flux of neutrons, photons, electrond ather particles that are transported to the
region of the detectors and that could cause upsaisky high rates in the detector elements;

* minimize the number of particles, particularly ppmuons above 76 MeV/c and electrons
above 100 MeV/c that have a transit time to thectet region that is longer than 600 ns from
the time the proton beam strikes the productiogetiar

* maximize the acceptance for particles to interteptmagnetic spectrometer while minimizing
the flux of low energy protons, neutrons and phstoroduced in the stopping target and
interacting in the detectors;

* measure the momentum of conversion electrons vigth precision without extensive
corrections for inhomogeneous magnetic fields erdgion of the magnetic spectrometer.

The general design considerations lead to the dgsigciples that follow.

To maximize the muon yield, low energy pions wal toapped in an evacuated region long enough that
they decay with significant probability. This iscaenplished by using a relatively high field soleh®

T peak) that restricts the relevant pions to remathin about 25 cm radially from the productionget.
The maximum field, bore size and length are chdsenaximize muon yield under the constraints of
limited resources and available technology.

To minimize the interaction of the outgoing protmam with the PS and TS, the proton beam is
brought into the production solenoid pointing avilayn the TS and the outgoing muon beamline.



To capture pions produced over the full solid angteaxially graded field is used in the PS. Teivss
to reect pions produced in the forward directiontfie direction of the incident proton) excepttfuose
in a smallloss conean the extreme forward direction.

In order to minimize the flux of neutrons, phot@msl electrons that are transported to the stopping
target region, the TS is curved, with two equal apdosite bends of 90This S-shape eliminates line-
of-sight transport of neutral particles to the Sing appropriate collimators and the fact thatiplas
moving in helical orbits in toroids drift perpendiar to the plane of the toroid, most positive jgéet
are also absorbed in the transport. A &0n angle gives sufficient drift (proportionalttee turn angle)
to reject unwanted particles.

To minimize the transport of particles that sperndng time in the magnet system, the magnetic fld
designed with a gradiedB/ds where s is the distance along the axis of thenstagystem, that is
always negative (decreasing field from the PS ¢oDB). This eliminates particle traps, where plasic
bounce between local maxima in the field and eahtgcatter out and continue to the DS. The
requirement on a negative valuedid/dzis relaxed in the curved portions of the TS siimcthis region
particles will drift vertically out of the clear b®as the bounce back and forth between two loslal f
maxima.

To maximize the acceptance for conversion electtomstercept the tracking magnetic spectrometer
while also minimizing the flux of low energy pat@s that are produced in the stopping target and
interact in the detectors, an axially graded fisldtilized in the first section of the DS. It ges to reect
conversion electrons that are initially moving avilaymn the tracking detectors, allowing high
acceptance while allowing the tracking detectorlse¢@ few meters away from the stopping target.

To allow precise measurements of the particle maanerthout significant corrections for magnetic
field inhomogeneities, we require that the fieldhie region of the tracking detectors to by unifamth
a precision comparable to the intrinsic resolubbthe magnetic spectrometer.

Figure 7.1: Dimensions of the defined MECO solenoid systefield regions and specifications for the field tarances.
These were developed between the MDMG and the MITSFC design organization that is doing a conceptualesign
study of the complete system.

Detailed Specifications

The end of the PS at which the transport solen&@dfarts is referred to as the downstream end. The
axis of the magnet is along thelirection. The PS defined field region is in am&vated region that is
cylindrical in shape. It is 4.0 m long and has aB0radius. A cylindrical shell extending from 3040
cm radius serves as the heat and radiation sfibld.shell is supported inside a strongback stre¢ia
nominally 5 cm thick cylindrical shell. Hence, timmer region of the magnet cryostat will have auad
of about 75 cm.

The PS field varies with the axial positian,The maximum axial fiel@, on axis,r = 0.0 cm, is 5.0&
0.01 T, at the upstream ermk 0.0 m. The axial field will grade monotonicaltya value of 2.5 T at the
downstream end of the PS, nominaly 4.0 m. The requirement on the gradient in thesRBat the
axial field onB,(z, r = 0) be within 5% of the value calculated for afammly graded field at each point
along the axis, i.e.,



whereGps= ~0.625 T/m.

The field distribution must be designed so thairdete particles are captured and transmitted ¢oTtB.
One approach to this end is for the axial gradiefie negative at every point within the transport
region of the PS, i.e.,

dB/r, 2=dz< 0

for 0.0m <z< 4.0m, and < 0.3 m. This specification is equivalent to tegquirement that there be no
local maxima in the axial field. A less stringeatjuirement that will satisfy the physics goaldettthe
integrated flux through a disc of radius 5 cm ditanés monotonically decreasing.

The transport solenoid TS begins at the downstreraanof the production solenoid, i.e.zat 4.0 m.
Physical overlap of the PS and the TS coils isnalbto assure proper field characteristics. A béxi
connection should maintain positions of the PSthAedl'S while allowing some motion associated with
floor settling, thermal changes, etc. The TS cassitfive distinct regions: a 1.0 m straight sexti
whose axis is a continuation of the PS axis, aemisection bent 90a second 2.0 m straight section, a
second curved section bent’9A the opposite direction, and a third straigldtise 1.0 m long. The
major radius of the two curved sections is 2.9 «h e resulting total magnetic length of the TShglo
its axis is 13.11 m. (Note: the physical lengthihef TS can vary depending on cryostat and coill
dimensions; 13.11 m is used as a reference nurab#rd equations below to define the field.)

The inner, room temperature, bore of the TS cryasta.5 m. Thus, there is a clear of radius 0.2f6m
particle transport and particle collimation. On&son to the field of the TS is, with the exceptiof
short sections near the downstream ends of thetwe@d sections, for the axial field on the axis to
decrease monotonically. This is accomplished wiitierent field gradients in the five sections. The
fields in the straight sections and the curvedigastcan be specified independently.

The overriding design criterion for the magnetediin the straight sections of the TS is to eliatén

local minima in the axial field. The magnetic fieldcreases in each of the three straight sections.
matches the 2.5 T field at the downstream ende@ft, az = 4.0 m, and the 2.0 T field at the upstream
end of the detector solenoid. There may be physioatlap of the DS and TS coils in the overlap sagi
In addition, vacuum pump-outs may be installechatibterface with the DS.

If the axis is defined to follow the center of fi8 magnets and s to be the axial direction in tBetfien
B4(s, z= 0) is the axial field along the TS axis. Thetase along the axis increases from 4.0 mto 17.11
m through the TS. The field requirement in thetfiasd third straight sections is th&fs, z= 0) should

not differ from that of a uniformly graded field loyore than 0.5% of the uniformly graded field value
The first coil begins at 4.0 m and extends to 5,B4(s, z= 0) can be expressed as

whereGrs = —0.1 T/m. The third straight section begins@tll m, continues to 17.11 m and the axial
field at 17.11 mis 2.0 T. In this region, Bsg¢= 0) can be expressed as



Based on this criterion, the required field tole@im both sections is 10 times tighter than in the
production solenoid. An alternative criterion thaay be used for the field in these two sectiortbas
the gradient always be at least 20% of the nonviakie:

dBs=ds > 0.2x Grg;
forr <0.15 m.

The central straight section is more complicatdte fieason is the break or separation for the addati

a beryllium window to separate the vacuum in thet fhalf of the TS from that in the second hadilfs|
necessary to break the second straight sectioriri@eparate cryostats and insert this window and
possibly other vacuum components. The field in $kistion varies from 2.4 T at the upstream endlo 2
T at the downstream end. UCI has calculated thaeitcoils for the two sections can be separatetbby
cm or less in the central break region, then a theggradient can be maintained along the lengtimef
solenoid without the addition of additional coilg,, the field is monotonically decreasing. Howgve
the gradient is not a smooth function in this 2euti®n.

The field gradient in the central straight mustas/ be negative. It is sufficient in this sectionthe
field to meet the following criterion:

dBs=d < 0.2% Grg;
forr <0.25 m, withGys = —0.15 T/m in this region.

The toroidal sections of the TS have a definedfegea with a 15 cm minor radius, a 2.9 m majoiusd
and each is approximately 1/4 of a full torus ing#h. Several solutions have been suggested for the
field in these two curved sections.

The simplest solution (conceptually) is to maintiie field at the end of the upstream straightigect

on the inside surface of the curved bore tubehalMay to the next straight section. That implies the
field on the inside radius of the first curved S®TIrmajor = 2.75 m, will be maintained at 2.4 T. The

field at the outside radius (3.05 m) will be abaLit7 T over most of the length of the section.ilt w
decrease from 2.4 T to 2.17 T near the upstreanmarddhen increase from 2.17 T to 2.4 T at the
downstream end. These changes and the positiveegtad the downstream ends of the curved sections
will not affect the transport of desired particiegshe TS.

It is assumed that these curved sections are nnanteshort straight solenoids with small gaps betwee
them, the coil diameter must be large enough anbléogap must be small enough to limit dips in the
field at the region of the gaps. The criteria aidiripple due to the gaps between coils is thapiBak-
to-peak ripple in the field at the outer toroidaitface be less than the Tield change of 0.23 T: 1.94 T
< BgS, fmajor=3.15m) < 2.4 T.

In addition, the downstream end of the curved eaatiust be free of ripples. This requirement hadoto
with the definition of the end of the curved sectand the beginning of the second straight section.
Once the field at the downstream end reaches & Tjeld must increase to the nominal value dfP.
without ripples, after which the gradient critefoa the straight section applies.

Other allowable solutions described below incluatgér variations in magnetic field in the curved
sections. The field changes are positioned sopidudicles reflected by positive gradients will



immediately encounter parts of the curved seclitrese particles will be trapped so that they will
eventually drift out of the acceptance region &f thagnet system.

The field at the inner radius may be allowed tordase to 2.2 T (for example) at the beginning ef th
curved section. The field at the inner radius ntay st this level throughout most of the curvedisec
and then increase to 2.4 T in one step so that?itd T at the downstream end, or it may increkse\s
along the curved section, again reaching 2.4 etlbwnstream end. The field at the outside radius
would reect the changes on the inner radius anditfezent field associated with the larger major
radius. The ripple requirement at the outer radiaald remain at about10%. If a solution using this
field profile is easier to achieve, the field shapk be evaluated and approved by the MDMG.

The field at the inner radius may be allowed toease to 2.6 T (for example) near the middle of the
curved section. The field at the inner radius ntay st this level throughout the remainder of the
curved section and then decrease to 2.4 T in @pesst that it is 2.4 T at the downstream end, oy
decrease slowly along the remainder of the cureetian, again reaching 2.4 T at the downstream end.
The field at the outside radius would reect thenglea on the inner radius and the different field
associated with the larger major radius. The ripptpiirement at the outer radius would remain atiab
+10%. If a solution using this field profile is easto achieve, the field shape will be evaluatedl an
approved by the MDMG. Similar requirements can fygliad to the second curved section. The major
change is that the field at the inner radius atutb&tream and downstream ends will be 2.1 T.

The detector solenoid (DS) is ~10.0 m long withesicbore of ~0.95 m radius. There should be no
magnetic bump or dip at the transition from thet® $he DS. The axial field along the axis will gead
monotonically from 2.0 T at the upstream end toTL& a point 4m into the solenoid. Note that 0.& m
Zps < 4.0 m, whereps is measured from the transition point from thesgort to the detector solenoid.
The gradientdB/zps; r = 0)=dzyg|, will increase in the first 0.5 m, be nearlyfonin in the next 3.0 m
section, and then decrease to zero over the fallp@Wi5 m. The gradient in the central 3 m section
should not deviate from that of a uniformly gradietd by more than 5%. These field specifications
apply to a conical region that has a radius 0ff®.8tzos = 0.0 m and a radius of 0.7 mzgt = 4.0 m.

The region in which the tracking detectors are ledd4.0 m <zps < 8.0 m) is required to have a highly
uniform field:

1.0020 T >By(zps, r) > 0.9980 T,

for r < 0.7 m. In the region of the electron cateeier, 8.0 m <ps < 10.0 m, the required field
uniformity is:

1.010 T >B/zps; 1) > 0.990 T;

r <0.7 m. Itis desired that the field decreasquaskly as possible on the axis of the detectidersmd
afterz=10.0 m.

The final field configuration for the PS, TS, an® Benerated by MIT PSFC during the CDR will be
approved by the MDMG.

7.3 Solenoid Interface Issues



In this section we discuss the interface issuesluimvg the magnets. The solenoids are intimately
connected with many aspects of the experimentarapgs, much of which is installed inside the
magnet bore, with the incoming and exiting protear and with the heat and radiation shield that
protects the PS. The design must also deal withélaé and radiation load on the cold mass, bothn fro
the point of view of the required cooling and frdme point of view of radiation damage and activatio
Other significant interface issues have to do whthuse of the cryostats of two of the magnets as
vacuum vessels for the clear bore, the effectafaan cosmic ray shield on the DS field, the
requirement for a warm gap in the center of thed &llow the installation and servicing of a vacuum
window, and the interaction of the magnets with aragnetic material, for example in the radiation
shielding or nearby magnets.

We currently have informal interface specificatioRermal interface documents will be developed
jointly by the MDMG and the Conceptual Design Grd@pG) during the Conceptual Design Study
(CDS) and they will be included in the Technicak&fications that will be one of the products of th
CDS.

7.3.1Incoming Proton Beam

The proton beam will enter the clear bore of theoR& trajectory that will intercept the production
target approximately on the axis of the PS and@pprately 40 cm upstream of the axial center
position. This will require a vacuum port that gpeoximately 50 cm from the magnet axis at the B5-P
interface. It is likely to penetrate the TS cryostdne clear bore of this port is specified as 8raxius,
sufficient to allow conservative clearance with beam, which will have a 95% containment diameter
of approximately 1 cm at this position. This wika allow for rastering of the beam across thediarg
surface (about 1 cm diameter). The proton beambeilbrevented by active and passive means from
moving beyond the bore of this entrance port; héheee is no need to specify that any portion ef th
cryostat be able to withstand the primary beam mgipig on it.

7.3.20utgoing Proton Beam

Interaction of the proton beam with the productiarget will cause beam blowup and necessitate ja kee
clear area at the upstream (proton beam exit) éttte@roduction region. The PS cryostat is spedifi

to have a keep clear inner radius consistent WweghQD of the strongback (1.5 m); the specificafam

the axial extent of the PS cryostat will be develbpintly by the MDMG and CDG. Increasing the coil
length (and hence the cryostat length) aids ineathg the field specification of 5 T at the upsireand

of the defined field region. The activation of ttrgostat will be studied by the MDMG as the crybsta
design develops and will be one input into its glesi

7.3.3Heat and Radiation in Cold Mass

The incoming proton beam is 50 kW power. Approxiehab kW is deposited in the target and is either
radiated into the interior of the heat and radrasbield or is removed by liquid cooling of thegeir.
About 5 kW is incident on the heat and radiatiorelshand the remainder exits the upstream endeof th
clear bore and is deposited in a distant beam diitmp primary concern for the PS is the amount of
heat and radiation that penetrates the heat amaticadshield and is eventually absorbed in thel col



mass of the magnet. The purpose of the heat amaticadshield is to limit this to an acceptableuain
a cost effective way.

Heat and radiation have four effects on the magnets
» It contributes to the load on the refrigerator.

» Depending on the cooling method, it may cause teatpee gradients in the cold mass that must
be compensated to allow operation with an acceptaiphperature margin.

» It will cause radiation damage to materials inrnegnet, for example epoxies or kapton foils
that are used in the magnets or the heat shig¢das. It will cause activation of the cryostat and
magnets that will impose a radiation burden ongarsl making repairs.

The anticipated heat and radiation load has belenlated using a number of codes for particle
production and transport. These codes have beehtoset the design of the heat and radiation ghiel
Currently, the most pessimistic of these codesipi®d total power in a cold mass consisting oBarh
thick winding pack dominated by the copper stabiliaf about 150 W. The power density decreases by
about a factor of two between the inner and owéi of the cold mass. The integrated radiatioredas
the worst case position in the magnets is undévi2@ during a luminosity of 2.5 times the nominal
MECO luminosity.

The current CDS work on coil design is being dosi@@ conservative upper limits for the heat load in
calculating temperature margins and refrigeratad$o Design work in MECO is focusing on optimizing
the shield design to further reduce the load (& Section 6.3). For example, the muon yield iy on
marginally reduced (by less than 3%) if the inn@relradius is reduced to 20 cm in the region ohésy
heat load. This design work will proceed with claseperation between the MDMG and the MIT CDG.
It is believed that the integrated radiation loadlwe material in the cryostat will allow a relaiy
conventional choice of materials for use in he&ldb, stress members, etc. A requirement of the
contract for the CDS is that the design group ideappropriate materials to be used in the magnets
from the point of view of radiation damage.

7.3.4Internal Experimental Apparatus

In the case of the TS and the DS, there are pwdesam defining elements and detector apparaais th
are supported off the inner warm wall of the cratstDraft interface specifications with the masses
details of the support and installation proceduisteand a part of the CDS is to develop the dedail
interface documents that will control these items.

Typically, the material to be supported is not masg comparison with forces on the cold massas th

are reacted through the cryostats or in compamgtinthe masses of the cryostats. Keep-clear aeas
specific on the interior of the cryostats.

7.3.5Anti-proton Absorber and Vacuum Window



For the purposes of absorbing anti-protons thatidvotherwise be transported to the detector sotenoi
and be a source of background and isolating th#y”dracuum associated with the PS from the “clean”
vacuum in the DS, a very thin window is requiredha&t second straight section in the TS. Because the
window will not withstand a pressure differenceladtm, the two vacuum regions will be connected
during pump-down to maintain equal pressure oritlesides of this thin window. All due diligence
will be exerted to ensure that pressure differeacesiot produced across this window. Nonetheiess,
the event of unforeseen failures of the protecsigstem, the window may fail and will need to be
replaced.

The solenoid specification requires a clear warm lggtween the two cryostats that make up the TS in
order to allow a thin spool piece carrying the Badew to be inserted in the gap; this piece will
connect the bore vacua on either side (separatgdgrhe thin window). The vacuum connections will
be between the OD of the spool piece and the enid-ofathe cryostats at their OD. It has been shown
by example that a gap in the coils as large agi6an be accommodated while maintaining the field
specification. The interface specification for tharm gap is that a 7.5 cm gap between the paeaikdl
walls of the two cryostats be maintained. Theléedy to be a bellows in this region to allow for
alignment tolerances between the two TS cryostdis.MIT CDG has estimated that the resulting 3.75
cm from the end of the coil to the warm outside ehthe cryostat end-wall is sufficient.

The formal interface document will be produced flgibhy the MDMG, MIT CDG and the muon
beamline subsystem group during the CDS.

7.3.6Interface with Bore Vacuum System

In the case of the DS and TS, the inner warm wahe cryostat serves as the bore vacuum vessel. In
the PS, the vacuum vessel is currently planneonsist of the strongback that supports the heat and
radiation shield on its interior. This implies @@t structural constraints on the DS and TS crysstad
interface specifications between the DS and PSstays, between the DS cryostat and the vacuum spool
piece at the downstream end of the DS and betweeR$ cryostat and the strongback vacuum flange
(see Chapter 8).

The specification for the PS and TS cryostatsas tirey must sustain any combination of vacuum and
atmospheric pressure on the interior and extendrthat they must satisfy fault conditions thatdav
non-negligible probability of occurring (e.g. suddess of bore vacuum). This feature is part of the
CDS.

Interface documents specifying the vacuum flangeriaces listed above will be developed jointly by
the MDMG, the muon beamline subsystem group and/fieCDG. We note that there will likely be
bellows in the connections between the strongbadkilae TS cryostat to relieve forces that could
damage the cryostat. There will also probably baaium bellows between the TS and DS cryostats
and may also be such a bellows between the DStatyarsd the vacuum spool piece at its downstream
end.

7.3.7Cosmic Ray Shield

For the purpose of attenuating the cosmic ray dlnet shielding the cosmic ray active shield from
neutrons produced in the muon stopping targetsaiypa steel shield is required to completely surcbu



the DS. Since a cost effective solution for thiekhis a steel box approximately 0.5 m thicksit i
required that the DS use the shield as a magrexcedturn. At the downstream end of the DS, the
shield is closed after a vacuum spool piece (segde8.6) and the choice of whether this matasial
magnetic or non-magnetic will be made jointly bg iDMG and MIT CDG. Similarly, the shield is
closed around the TS cryostat at the interface éatvthe TS and DS and the material to be used there
will also be decided jointly by these groups. Thedfications for the magnetic portions of the &hie

will be included in a formal interface documento¥sions for cable and cryogenic service penetnatio
through the shield will be specified in an integatbcument.

7.4 Pre-conceptual Design of the Solenoids

A pre-conceptual design of the system of the MEG@Br®id system was done by the National High
Magnetic Field Laboratory (NHMFL) at Florida Stadeiversity. That group has experience in design
and construction of high field, typically small lrasuper-conducting and copper magnets.

The NHMFL design follows initial calculations ofetield in the production solenoid and the matching
region in the transition to the transport soler{8f] and of the transport region [86]. The goathod
NHMFL study was a pre-conceptual design of the detepnagnet system that addressed the major
design issues, that would form the basis for a eptual design, and that would allow a cost estimate
one step beyond estimates based on scaling laviarf@ magnets. The results of that design study [8
88] and a document [89] describing initial cost antedule estimates are available as MECO internal
documents.

The design address the major issues, includindcalation of the current density required to ackiev
the desired field, the means to achieve the vargumgent density, the mechanical support of the hea
shield, the means of reacting the magnetic foreethe coils, the way of getting the proton bearo int
the interior of the production solenoid, the rag®@iand conductive heat loads, etc.

The design contains 101 coil elements. The cudensity is similar to that of earlier calculatichat
were used to produce the field used in simulatadrthe muon yield. The axial and radial forces loa t
coils have also been calculated in both designie$uahd are consistent. The heat load from the
dominant sources (exclusive of energy resultingifioteractions in the production target) is ~12@&W
4.2 K and is dominated by radiation.

Various options are considered for establishingajygropriate currents in the coils while minimizing
the number of power supplies and current leadsjmiaixg the exibility in tuning the fields, and
minimizing production costs. The proposal in theMIFL is to operate all coils in a cryostat in series

The NHMFL group has consulted with industry on sdst significant elements (cable, coils, cryostat)
and produced a preliminary cost estimate [89] basethese industrial estimates. They have also
estimated the engineering design time, managenmehnb\eersight costs, and installation costs at BNL.
The current cost estimates in Section 14.1 have tmeased upwards from the NHMFL estimates to
include higher contingency and to increase therexeging design cost.

7.5 Status of Conceptual Design Study



In this section we describe the current statusi®iconceptual design study being done by the PSFC
group at MIT under contract to UCI.

This group was chosen to do the study by a conngetiidding process. Requests for proposals were
sent to approximately 25 publicly supported labarias and industrial concerns. A provision in tHePR
precluded the successful bidder from subsequerdtingy on the engineering design and construction
contract, although it was stated that the CDG csuletontract to either a MECO institution or to the
eventual construction vendor to provide designisesv A question period was allowed and all
guestions and responses were supplied to all Rétpierts. Proposals were received from three
organizations, Lawrence Livermore National Labanatthe National High Magnetic Field Laboratory,
and the PSFC group at the Massachusetts Instittteahnology. A source selection panel was chaired
by the MECO spokesperson and NSF grant Pl (whosaseed as source selection official) and
consisted of experts in superconducting magnets BML staff members, the MECO Project Manager,
and two contracting officials from UCI. The SSPiesved and ranked the proposals, sent questions to
each proponent, and made a recommendation to tieesselection official.

The Conceptual Design Study contract calls foneetibles of a Conceptual Design Report that
develops the design one step short of producinmeagng and manufacturing drawings. It will incéud

a significant number of drawings (of order 150) gafules. The work will include the magnetic design,
cable and coil design and cooling mechanism, meareacting the magnetic and other forces, the heat
shields and cryostats, the power supply and cosytstem, the cryogenic control box, and a
specification for the refrigerator requirementswill include fault analyses, include quench detect

and protection, loss of coolant, loss of vacuum, et

Permission to start work pending contract signatwas given to the CDG in April. A kickoff meeting
attended by the CDG, MDMG members, the MECO PMtaerdiaison engineer from BNL was held at
MIT on April 19. Conference calls attended by tHe@&and the MDMG are held weekly. The members
of the MDMG are in frequent phone contact with @2G, and memos and progress reports are
exchanged very frequently.

In the remainder of this section we describe thaustof each of the primary tasks. All the techinica
information in these sections is preliminary inuratand has been developed by the MIT CDG group
and is shown with their permission.

7.5.1Magnetic Design

The first pass magnet design has been done by Rigdovinsky of the CDG. It is based on about 100
coil packs that have an appropriate winding pacisig (for example consistent with the cable design
discussed below) and has gaps between coil packsaondril end plates. The technique that was used
was to calculate influence vectors for each codraequal number of positions in the defined field
region, and then invert the resulting influencenmab derive numbers of amp-turns, given the dsbir
field at the specification points. Some iteratiod &and adjustment has been done. Figwzes a plot

of the field along the axis of the solenoid systeat results from the current magnetic design. &fne
the difficulties in meeting the field specificat®are minimizing the ripple due to spaces betwedn c
packs, particularly in the curved section of the W8ere the toroidal shape is made up from short
solenoids. A second difficulty is matching the diéh the transitions from solenoid to toroid geomeit

4 places in the TS. Here the specification has belared to allow a positive value of dB/dz in the



curved region. Figur@.3 defines the paths along the extrema of thandéffield region. The field along
these paths is shown in Figufel. This figure illustrates the mismatch at thiesoid/toroid interfaces.

Figure 7.2: Magnetic field intensity on the axis of the fli solenoid system in the current design of the CDGwhere the
horizontal axis is position along the axis.

Figure 7.3: The paths through the solenoids that define thfield region that has specified values.

The relaxed specification that allows positive eslofdB/dzin the curved regions relies on the fact that
a radial field gradientdB, =dR, whereR is the major radius coordinate of the toroid) wdluse particles
to continuously drift out of the plane of the tar@nd into collimators. This will prevent long tein

time trajectories in the TS. The implementationha$ is shown irFigure7.7. The positive field

gradients exist almost exclusively in the regiorere there is a nonzevalue ofdB, = dR A blowup

of one of the transition regions is shown in Figli® ------- <MIKE... this is duplicated in the
paragraph below)

The coil builds that produce the current field sinewn graphically in Figuré.6. The parameters of the
coils are shown in Table.5.1 through Tablé.5.1. &- these were the same table #.... they have been
linked to table 7.5 — as far as | know... there is’/rin1 or whatever

Figure 7.4: The magnetic field along the three paths defed in Figure 7.3 are shown. The mismatch at the interfaces
between the solenoidal and toroidal sections of thES are apparent.

The relaxed specification that allows positive eslwfdB/dzin the curved regions relies on the fact that
a radial field gradientdB, =dR, whereR is the major radius coordinate of the toroid) wdluse particles
to continuously drift out of the plane of the tar@nd into collimators. This will prevent long tein

time trajectories in the TS. The implementationhed is shown irFigure7.7. The positive field

gradients exist almost exclusively in the regiorere there is a nonzeradial gradient. This work will
be continued to optimize the details of the coiks iterating between the CDG and MECO personnel.
Concurrently, the coil geometries are being usdaktyin work on the cable design and on the coikpac
support, and these efforts are described in thetmexsections.

Figure 7.5: The same information as in Figur&.4 blown up in one of the transition regions. Thisegion doesn't quite
meet the specification since a small positive axigkadient exists where the radial gradient is vergmall.

Figure 7.6: The coil builds in each of the 93 coils in theurrent implementation.

Figure 7.7: The value ofdB, =dz and dB, =dR in the full defined field region along three pathsThe values ofdB, =dz
are negative nearly everywhere that the radial dexative is small. The ripple in the toroidal regionss apparent. A
small positive gradient occurs near the transitiorfrom the graded to constant field region in the DS.

Table 7.1: PS coil properties — the coil center locatiorangle with respect to the PS axis, inner coil rads and
thickness, coil length, coil position along the agj and the number of Amp turns.

Type x(m) y(m) @(°) Inner R(m) dR(m) ds(m) s(m) NI(Amp turns)
PSO 0 -04 90 0.88 0.22340.78 -0.4 6.10E+06




PSO
PSO
PSO
PSO
PSO
PSO
PSO
PSO

0.25
0.75
1.25
1.75
2.25
2.75
3.25
3.75

OO O0OO0OO0OOO0OO0o

90
90
90
90
90
90
90
90

0.88
0.88
0.88
0.88
0.88
0.88
0.88
0.88

0.08170.48
0.12530.48
0.095
0.10260.48
0.07710.48
0.09450.48
0.04530.48
0.12160.48

0.48

0.25 1.37E+06
0.75 2.10E+06

1.25 1.60E+06
1.75 1.72E+06
2.25 1.29E+06
2.75 1.59E+06
3.25 7.61E+05
3.75 2.04E+06

Table 7.2: TS segment 1 coil properties - the coil centéwcation, angle with respect to the PS axis, innail radius

and thickness, coil length, coil position along thaxis, and the number of Amp turns.

Type x(m) y(m) 6(°)

Inner R(m) dR(m) ds(m) s(m) NI(Amp turns)

TS1
TS1
TS1
TS1
TS1
TS1
TS1

4.15
4.25
4.35
4.45
4.6
4.8
5

eolNoloelNoNeloNe)

90
90
90
90
90
90
90

0.405
0.405
0.405
0.405
0.405
0.405
0.405

0.01570.08
0.01990.08
0.01150.08
0.02710.08
0.02070.18
0.02470.18

0.02620.18

4.15
4.25
4.35
4.45
4.6
4.8
5

8.81E+04
1.11E+05
6.44E+04
1.52E+05
2.61E+05
3.11E+05
3.30E+05

Table 7.3: TS segment 2 coil properties - the coil centéwcation, angle with respect to the PS axis, innexoil radius

and thickness, coil length, coil position along thaxis, and the number of Amp turns.

Type x(m) y(m) @) InnerR(m) dR(m) ds(m) s(m) NI(Amp turns)
TS2 0.01 5.24285.263 0.405 0.0312 0.18 5.242 3.93E+05
TS2 0.04 5.48280.526 0.405 0.0313 0.18 5.484 3.94E+05
TS2 0.09 5.71975.789 0.405 0.0324 0.18 5.726 4.09E+05
TS2 0.159 5.951 71.053 0.405 0.0329 0.18 5.969 4.14E+05
TS2 0.247 6.177 66.316 0.405 0.0332 0.18 6.211 4.18E+05
TS2 0.353 6.394 61.579 0.405 0.0334 0.18 6.453 4.21E+05
TS2 0.477 6.602 56.842 0.405 0.0337 0.18 6.695 4.25E+05
TS2 0.618 6.799 52.105 0.405 0.0339 0.18 6.937 4.28E+05
TS2 0.774 6.984 47.368 0.405 0.0339 0.18 7.179 4.27E+05
TS2 0.945 7.155 42.632 0.405 0.034 0.18 7.422 4.29E+05
TS2 113 7.31137.895 0.405 0.0342 0.18 7.664 4.31E+05
TS2 1.327 7.452 33.158 0.405 0.0343 0.18 7.906 4.32E+05
TS2 1.535 7.576 28.421 0.405 0.0342 0.18 8.148 4.31E+05
TS2 1.752 7.682 23.684  0.405 0.0343 0.18 8.39 4.32E+05
TS2 1978 7.77 18.947 0.405 0.0344 0.18 8.632 4.34E+05
TS2 221 7.83914.211 0.405 0.0343 0.18 8.874 4.33E+05
TS2 2.447 7.889 9.474 0.405 0.0345 0.18 9.117 4.35E+05
TS2 2.687 7.919 4.737 0.405 0.0338 0.18 9.359 4.26E+05

Table 7.4: TS segment 3 coil properties - the coil centéwcation, angle with respect to the PS axis, innaoil radius

and thickness, coil length, coil position along thaxis, and the number of Amp turns.

Type

x(m) _y(m)

()

Inner R(m) dR(m) ds(m) s(m)

NI(Amp turns)

TS3 2929 7929 O
TS3 3.129 7.929 0

0.405
0.405

0.034
0.0284 0.18

0.18

9.601

9.801

4.28E+05
3.58E+05




TS3
TS3
TS3
TS3
TS3
TS3
TS3
TS3
TS3
TS3
TS3
TS3

3.329
3.479
3.579
3.679
3.779
4.029
4.129
4.229
4.329
4.479
4.679
4.879

7.929
7.929
7.929
7.929
7.929
7.929
7.929
7.929
7.929
7.929
7.929
7.929

[eNoNoNoNololoNolNoNoNeNe

0.405
0.405
0.405
0.405
0.405
0.405
0.405
0.405
0.405
0.405
0.405
0.405

0.0304
0.0233 0.08
0.0522 0.08
0 0.08
0.0829 0.08
0.0778 0.08
0 0.08
0.0464 0.08
0.022 0.08
0.0264 0.18
0.0262 0.18
0.0268 0.18

0.18

10.001
10.151
10.251
10.351
10.451
10.701
10.801
10.901
11.001
11.151
11.351
11.551

3.83E+05
1.30E+05
2.93E+05
0.00E+00
4.64E+05
4.36E+05
0.00E+00
2.60E+05
1.23E+05
3.33E+05
3.31E+05
3.38E+05

Table 7.5: TS segment 4 coil properties - the coil centéwcation, angle with respect to the PS axis, innexoil radius
and thickness, coil length, coil position along thaxis, and the number of Amp turns.

Type x(m) y(m) &) Inner R(m) dR(m) ds(m) s(m) NI(Amp turns)
TS4 5.121 7.939 4.737 0.405 0.03030.18 11.793 3.82E+05
TS4 5.361 7.969 9.474 0.405 0.02950.18 12.035 3.72E+05
TS4 5598 8.019 14.211 0.405 0.0299 0.18 12.277 3.77E+05
TS4 5.83 8.088 18.947 0.405 0.0299 0.18 12.519 3.76E+05
TS4 6.056 8.176 23.684 0.405 0.0298 0.18 12.762 3.76E+05
TS4 6.273 8.282 28.421 0.405 0.0297 0.18 13.004 3.74E+05
TS4 6.481 8.406 33.158 0.405 0.0297 0.18 13.246 3.75E+05
TS4 6.678 8547 37.895 0.405 0.0297 0.18 13.488 3.74E+05
TS4 6.863 8.703 42.632 0.405 0.0294 0.18 13.73 3.71E+05
TS4 7.034 8.874 47.368 0.405 0.0293 0.18 13.972 3.69E+05
TS4 719 9.059 52.105 0.405 0.0292 0.18 14.215 3.68E+05
TS4 7.331 9.256 56.842 0.405 0.0289 0.18 14.457 3.64E+05
TS4 7.455 9.464 61.579 0.405 0.0284 0.18 14.699 3.58E+05
TS4 7.561 9.681 66.316 0.405 0.0279 0.18 14.941 3.52E+05
TS4 7.649 9.907 71.053 0.405 0.0273 0.18 15.183 3.44E+05
TS4 7.718 10.139 75.789  0.405 0.0261 0.18 15.425 3.28E+05
TS4 7.768 10.376 80.526  0.405 0.0245 0.18 15.667 3.09E+05
TS4 7.798 10.616 85.263  0.405 0.0215 0.18 15.91 2.71E+05

Table 7.6: TS segment 5 coil properties - the coil centémcation, angle with respect to the PS axis, innexoil radius
and thickness, coil length, coil position along thaxis, and the number of Amp turns.

Type x(m) y(m) @&(°) Inner R(m) dR(m) ds(m) s(m) NI(Amp turns)
TS5 7.808 10.858 90 0.405 0.0183 0.18 16.152 2.30E+05
TS5 7.808 11.058 90 0.405 0.0119 0.18 16.352 1.50E+05
TS5 7.808 11.258 90 0.405 0.0078 0.18 16.552 9.77E+04
TS5 7.808 11.458 90 0.405 0.0038 0.18 16.752 4.74E+04
TS5 7.808 11.658 90 0.405 0.0009 0.18 16.952 1.14E+04

Table 7.7: DS coil properties — the coil center locatiorangle with respect to the PS axis, inner coil rads and
thickness, coil length, coil position along the agj and the number of Amp turns.

Type x(m) y(m) @) Inner R(m) dR(m) ds(m) s(m) NI(Amp turns)




DSO 7.808 11.658 90 1.08 0.0365 0.9 16.952 2.30E+06
DSO 7.808 12.358 90 1.08 0.0207 0.5 17.652 7.24E+05
DSO 7.808 12.858 90 1.08 0.0214 0.5 18.152 7.50E+05
DSO 7.808 13.358 90 1.08 0.0193 0.5 18.652 6.76E+05
DSO 7.808 13.858 90 1.08 0.0171 0.5 19.152 5.99E+05
DSO 7.808 14.358 90 1.08 0.0157 0.5 19.652 5.49E+05
DSO 7.808 14.858 90 1.08 0.0138 0.5 20.152 4.84E+05
DSO 7.808 15.358 90 1.08 0.0105 0.5 20.652 3.66E+05
DSO 7.808 15.858 90 1.08 0.0084 0.5 21.152 2.94E+05
DSO 7.808 16.358 90 1.08 0.0121 0.5 21.652 4.24E+05
DSO 7.808 16.858 90 1.08 0.011 0.5 22.152 3.85E+05
DSO 7.808 17.358 90 1.08 0.0114 0.5 22.652 3.99E+05
DSO 7.808 17.858 90 1.08 0.0113 0.5 23.152 3.97E+05
DSO 7.808 18.358 90 1.08 0.0114 0.5 23.652 4.00E+05
DSO 7.808 18.858 90 1.08 0.0114 0.5 24.152 4.00E+05
DSO 7.808 19.358 90 1.08 0.0115 0.5 24.652 4.02E+05
DSO 7.808 19.858 90 1.08 0.0115 0.5 25.152 4.03E+05
DSO 7.808 20.358 90 1.08 0.0116 0.5 25.652 4.06E+05
DSO 7.808 20.858 90 1.08 0.0116 0.5 26.152 4.06E+05
DSO 7.808 21.358 90 1.08 0.0121 0.5 26.652 4.23E+05
DSO 7.808 21.858 90 1.08 0.0106 0.5 27.152 3.69E+05
DSO 7.808 22.608 90 1.08 0.0167 1 27.902 1.17E+06

7.5.2Cable and Coil Design

The first pass design at the cable and coilsseth@n a set of conductor allowables developedtidy t
CDG and MDMG. The allowables are 0.65 for the maximfraction of the critical curreifig at which

the conductor will be operated, a temperature masfjD.75 K with respect to the worst case cable
temperature operating at full intensity and inchgdthe effects of nuclear heating, a maximum hot sp
temperature in the event of a quench of 150 K,aanmhximum potential difference between the current
terminals and ground of 2 kV. These parameterpi@ianinary specifications and may be amended
based, for example, on calculations of thermabksts induced by the hot spots. These parameters are
summarized in Tablé.5.2.

Table 7.8: Allowable operating and fault parameters.

Parameter fe AT (K) hot spot (K) Quench voltage (kV)
Value 0.65 0.75 150 2

A request of the CDS contract was that the CDG fasnsider the use of SSC cable for the MECO
solenoids. The CDG has done an extensive survéhedavailable information concerning SSC inner
and outer cable. Table5.2 gives the properties of both types of cahtkthe quantity that is available.
The current consideration is to use inner cablegdaguate supply of either type is available. TB&C
has found test data for this cable and tabulateBigure7.8 gives measurements of critical current
densities as a function of magnetic field at thedwator at 4.2 T. Figuré.9 gives parametric curves for
the operating current density as a function ofgperating temperature, for different values of the
fraction of critical current density at which thencluctor would be operated. Figurd0 gives



parametric curves for the temperature margin ametion of the operating temperature for different
values of the fraction of the critical current dtieh the conductor would be operated.

Table 7.9: Properties of SSC inner and outer cable.

Parameter Unit SSC Inner SSC Outer
Strand diameter mm 0.81 0.65
Cu:SC ratio 1.3 1.8
Filament diameter mm 6 6

Strand twist pitch mm 12.8 12.8
Number of strands 30 36
Cable twist pitch mm 94 86
Cable area mf 15.5 11.9
SC area mfh 6.7 4.3
Width mm 12.13 11.7
Average thickness mm 1.46 1.17
Keystone angle degrees 1.23 1.0
Quantity available km 120 300

Figure 7.8: Curves for the minimum, maximum and average Mae of the critical current density as a function é
magnetic field for SSC inner cable. A conservativassumed curve is also shown.

Figure 7.9: The allowed operating current density as a fuction of the operating temperature for different vdues of
running current, expressed as a fraction of the ctical current.

Based on these considerations of the cable andmsiderations of the quench performance, a
conductor based on cable in channel is being cersidfor the MECO solenoids.

Figure 7.10: The temperature margin as a function of the merating temperature for different values running airrent,
expressed as a fraction of the critical current.

The cable is heavily stabilized primarily for quamrotection. The cross section is shown in Figure
7.11. The currently proposed operating currenh@RS (where issues of critical current and
temperature margin are most relevant) is 7 kA aodrgent density in the cable of under 1100 A/mm
It is proposed that the coils could be indirecthpled on both the inner and outer surfaces of the



winding pack, with a cooling channel fractionalfage coverage of 20%. The winding pack is as thick
as 13 cm in the high field region.

Figure 7.11: A cross section of the conductor being congited for use in the MECO solenoids, consisting ofSE inner
cable soldered in a channel in copper bar. Dimensis are in mm.

Because of the heavy stabilization, significantleaicheating will occur. The temperature gradieag h
been calculated in a worst case scenario for nubleating, and the temperature difference from the
core of the winding pack to the surface is appratety 0.3 K. The thermal impedance is dominated by
the turn to turn insulation.

The design of the cable and coil is documentedimerous CDG/MDMG memos that currently exist in
draft form.

7.5.3Structural Design

Preliminary structural studies have begun, pringasflthe transport solenoid. Because of the complex
geometry, reacting the stresses and developingsamnly plan presents some engineering challenges.
The early design work has focused on a finite elgragalysis of the stresses in the TS. Figui®

shows the model of a fraction of the TS including members that react the gravity and magnetic
forces. Figure.13 shows the result of the ANSYS analysis ofstinesses.

Some design work has also gone into the cryostgiure7.14 shows a sketch of the coil packs inside
the cryostat, with the exterior wall of the crydstat away. Stiffening members to react a straigihip
force in the section of the toroid are shown. Fegul5 shows a sketch of the cryostat assembly at the
end where the warm insert for the anti-proton aisioand vacuum window would be inserted.

Figure 7.12: Model used in preliminary stress analysis afurved component of TS.
Figure 7.13: ANSYS analysis of the stresses in the Figurel2 structure.

Figure 7.14: Sketch of the support of the coil packs, sténing members, and the warm to cold links to tranfer forces
from the coils to the outer cryostat wall.

Figure 7.15: Sketch of the cryostat assembly in the regiomhere the TS has a warm insert for the anti-proton
absorber and vacuum window.



Chapter 8  Muon Beamline

8.1 Introduction

In this chapter, we discuss the muon beamline. iflcisides the collimators and beryllium window in

the Transport Solenoid (TS), and the muon stopfanget, beam monitor, proton and neutron absorbers,
beam stop, vacuum requirements and support stasciarthe Detector Solenoid (DS) region. The TS
system filters the particle flux producing a moment (< 0.08 GeV/c) and charge-selected muon beam,
with good reduction in contamination frogn 4', 7, p, and p. The momentum spectrum cuts off

well below 1 —e conversion, 0.105 GeV/c, and has high efficierarystopping in the aluminum target.

A germanium crystal x ray detector measures thelatesrate for muonic atom formation, and functions
as a continuous real-time muon beam monitor. Mumtstopped in the target are transported to the
muon beam-stop. Protons and neutrons originatmg fmuon capture in the stopping target are
attenuated by absorbers to minimize detector backgt rates. Finally, detector support and vacuum
requirements are discussed.

8.2 Collimators

The design of the transport solenoid is discusséehgth in Chapter 7. The purpose of the collimato
is to exploit the drift, perpendicular to the plasfehe S-shaped TS magnet, in opposite directigns
positive and negative charges. The collimatorsrfilhe beam favoring low-energy and suppressing
U, €, p, p,andrn.

Identical cylindrical copper collimators are pladedhe first and last straight sections of the E&ch
tube has inner radius 15 cm and outer radius 25anhjs 1 m long. Figur@.1 shows the first straight
section collimator. Another cylindrical copper awlator is placed in the center straight sectiothef
Transport Solenoid. This tube, shown in Fig8r2is 2.18 m long and has inner radius 20 cm arnero
radius 25 cm. Finally, there are two additional@pcollimators located in the center straightisecto
restrict particle coordinates perpendicular toglae of the transport. The collimators requirdiplas
to be no more than 5 cm above the center plangeof$ and no more than 19 cm below it.

Collimator sizes were optimized to remove or hgasilppress electrons above 100 MeV, a potential
source of background. GEANT simulation studies gisire collimators described above in a full
simulation of MECO with 10primary protons on the production target complegdiminated 100 MeV
electrons at the exit to the TS. Furthermore, Isigieof the graded magnetic field, 100 MeV elecsron
originating in the production solenoid will havesufficientp; to hit the detectors.

Figure 8.1: Collimator in first straight section of Transport Solenoid. The AGS beam pipelines in the foregund and
the Production Solenoid is partially revealed on th left.

8.3 Absorbers



The MECO absorbers in the Detector Solenoid are@@signed to moderate protons and neutrons.
Figure8.3 shows a cut-away view of the upstream endisfittagnet, revealing some of the absorbers.
The largest potential contribution to the trackdejector rate is from protons from muon capturéné
stopping target. Without shielding, the average natindividual tracking detector elements is well
above 1 MHz. However, protons can be attenuatetfsigntly by a set of absorbers.

There are three thin proton absorbers, visiblegufe 8.3. The first is a 2.5 m long, thin polyethylene
(CH,) tube, extending from the muon target to the dakeasn end of the tracker, centered on the DS
magnet axis. This tube has inner radius 38.47 aioater radius 38.52 cm, with its material aboet th
same distance from the magnet axis as the watlseeabctagonal part of the tracker. The second and
third are larger thin-walled carbon fiber structird 3.0 m long cone-shaped absorber surrounds the
stopping target, extending from the TS exit tolglhgpast the upstream end of the first Gibsorber.

At the upstream end the inner radius is 45.0 cmaaner is 45.1 cm. The radii at the downstream end
are 69.0 cm and 69.3 cm. The geometry of thisiarmhosen so that it is not hit by 105 MeV elecsron
originating in the stopping target. The other proadtenuator is a 2.0 m tube surrounding the He
with inner radius 69.0 cm and outer 69.3 cm.

Figure 8.2: Collimator 3 in center straight section of Transport Solenoid.

Neutron absorbers, made of gldover the DS cryostat wall at the inner bore aniide the outer
cryostat wall. The smaller of the two is 10.0 mgand 5 cm thick with inner and outer radii at 810
and 93.0 cm. The other is 13.6 m long with radD.06cm and180.0 cm.

Monte Carlo studies to optimize the specificatiorshese essential components are underway. Recent
results for one of these investigations are givel®0].

Suppression o in the Transport Solenoid is also important. Aylerm window in the shape of a

120 m thick sheet with an outline that matches the doetbaperture of the TS center straight section
collimators, Figure8.2, is inserted in the center of this sectionsMindow heavily suppresses
antiprotons. Section 7.2 and 8.8 discuss this Belew further.

Figure 8.3: Cut-away view of upstream end of the Detectd®olenoid showing the absorber layout.

8.4 Stopping Target

The goal of the stopping target design is to maz@nthe probability for beam muons to stop and for
conversion electrons to be detected in the tragkdrcalorimeter. At the same time, the target shbal
designed to minimize the energy loss of conversientrons as they exit the target and to minimiee t
number of electrons from muon DIO that reach theking detector. Further, detector rates (e.gmbea
electron bremsstrahlung) and backgrounds (e.gmicasly interactions in the target) are minimized
with the smallest possible target mass. The trassv@ze, thickness, spacing, and number of ttaksdi
that comprise the target were optimized to besieaelthese goals.

The baseline target, with mass 159 g, has sevefté2rcm aluminum disks; they are arranged parallel
to each other, centered on the Solenoid Magnetadswvith each face perpendicular to it. The taiget
tapered in the downstream direction, with 5.0 cekdipacing and radii from 8.30 cm to 6.53 cm. The
target is placed in the graded portion of the Dgme#c field, with the first disk at 1.57 T ancetlast
at1.30 T.



Muons stopped in the target supports produce deleayrons with much larger detector acceptances
than those which stop in the target; this requinestarget support mass to be a minimum. A design
study for target support and of the consequenttiateates is planned. A simplified calculationtio#
detector rate from the support material followse Tigure of merit for the support material is tatia

of tensile strengtfi to densityp ; for this preliminary study we use aluminum alB§0 withT = 325
Mpa andp = 2.64 g=cm.The ratio of the mass of the support inside themraeam profile to the mass
of the target, supported at the tensile strengtR,3 pLg/T = 10°. It is convenient to take this equal to
the ratio of the number of muons which stop intdrget supports compared to stopping in the target.
The diameter of the support wire is typically @®. A simplified calculation of the detector acceyua
for muon decays originating in the supports compaoethe target give f0Thus, the ratio of the flux
of DIO electrons hitting the detectors coming frima supports to that from the target is roughly
estimated to be 0.1. From Tal@ldl, the fraction of the detector rates from mueoays are ~0.2; hence,
2.0% of the total rate. This maybe acceptable, eweareful design studies are needed.

8.5Muon Target Monitor

8.5.1Purpose and Method

Given the complexity of generating and collectiag lenergy negative muons in the production
solenoid, and transporting them via the transpadr®id to the target foils in the detector solendiis
evident that some means of confirming the rateiatedjral number of negative muons which stop on
the target foils is crucial. It is equally evidehat such a device will prove indispensable initfital
process of tuning conditions for the proton beaunhthe solenoids.

We propose that an effective and reliable Muon itapTarget Monitor can be established by
observing the prompt production of muonic x-rayschtsignal the formation of muonic atoms in the
target foils. This objective can be achieved i§ipossible to conveniently locate a germaniumaete
where it can view, without serious deadtime, phstooming from the target foils. Such x-rays are
unambiguously characteristic of a muonic atom'sn&taumberZ. In addition, the highest yield x-ray is
the 2p- 1s radiative transition which confirms the arrieéla muon in the initial state needed fee
conversion. Other observable x-rays, having subistanelds and signaling arrival in the 1s statee
the 3p- 1s, and the 4p, 1s. Typically the 3d- 2p transition which populates the 2pstate als@argp
in the energy spectrum. The study of such exotimat-rays has a long and productive history which
closely parallels the development of semiconduspactrometers, the Si(Li) for detecting low photon
energies and the intrinsic Ge for medium-to-higkrgies. Members of this Collaboratfdmave had
extensive experience in these fields.

1 College of William & Mary, and Boston University

Table 8.1: Transition energies for muonic atoms: Aluminumand Titanium

Transition Al (keV) Ti (keV)
3d - 2p 66 189
2p - 1s 356 1021
3p - 1s 423 1210




[ 4p-1s | 446 | 1277 |

A germanium detector crystal of significant sizewd be used to collect the energy spectrum of the
muonic x-rays whether the target foils be alumimumtitanium. TableB.1 lists approximate energies for
x-rays from Al and Ti. Recording the rate of thégéenergy photons at a FWHM resolution of 2.2 keV
unambiguously identifies and monitors negative nsuamiving in the 1s atomic level of the stopping
target material.

In principle, this detector is also sensitive te gossible generation of pionic or antiprotoni@ys if
these negative particles were to reach the taogst However, observable x-ray energies from these
hadronic atom transitions are cut off when theatad rate from a given upper atomic level is
overtaken by the competing strong nuclear absarptite. This coupled with the short lifetime of 126
for pions should rule out a pionic target-atom aig®n the other hand a beam contamination of
antiprotons stopping on the aluminum foils mightda measurable yield for the circular4f3d x-ray,
202 keV in Al or 588 ke Vin Ti, and possibly the 3d2p, 586 keV in Al or 1679 keV in Ti.

8.5.2Location for the Germanium Detector

Three requirements determine the best locatiothi®Ge detector to view the muon target:

1. The detector should only view the target, if polesiblence the first requirement is for good
collimation ahead of the detector.

2. Because of the extraordinarily high x-ray rate,wtti®"* Hz, the detector must be far from the
source, along a low-attenuation path, and

3. The detector must be lie beyond the DS magnetid Wibere it can be serviced periodically with
cryogenic liquid and annealed to repair neutron atzn

Figure8.4 shows an optimal layout for the Ge detectorcWisiatisfies these requirements. The photon
spectrometer is placed along the axis of the detesctienoid, at the downstream end of the moveable
concrete shield wall. From there it views all fdilsad-on, with the front foil 15 m and the downaitne
foil 14 m away. Collimation is conveniently provitley bore holes in the 0.5 m steel wall and theni.0
concrete wall. A sectioned vacuum pipe runs thrahglse walls starting at the back face of the detec
solenoid. The pipe is not coupled to the deteatter®id so that the section through the steel vzl
travel with the wall whenever it is necessary tmgecess to the detector solenoid.

Figure 8.4: Layout of Muon Beam Monitor

Figure 8.5: Europium-152 Calibration Lines listed in keV

Transmission of 356 keV x-rays passing througii alaluminum foils is 90%. At the back end of the
DS vessel a 5 cm dia. stainless window of 0.2 dokitiess and thin windows on the vacuum pipe
transmit 85% at this photon energy. For muons stgpin the steel window the muonic x-ray energy is
E(2p - 1s) = 1426 keV. Beyond the DS vessel a vacuumtpgmsports photons through the stainless
steel wall and the heavy shielding block wall te ghoton spectrometer endcap. Copper ring
collimators placed within the vacuum pipe limit ptws to the central 3 cm dia. portion of the
germanium crystal, defining a target center-to-@iyactional solid angle of 34 10’. At a muon



stopping rate of 1_1011 Hz the germanium detectibpvocess the K-series x-ray events (2pls, 3p

~ 1s, 4p— 1s) at 31 kHz. A 45 chgermanium crystal with 3 cm depth is expectedajature full-
energy events for the 356 keV x-ray of muonic alwmi with an efficiency of about 50%. For the 1021
keV x-ray of muonic titanium this efficiency drofis33%. The combination of high, full-energy event
efficiency and excellent peak resolution (2.2 keg}ures that the muonic atom formation process is
well determined.

8.5.3Calibration

The spectrometer system can be calibrated in #melatd way, which typically involves one or more
calibrated radioisotopes. It happens in our cagedlsingle source of Europium- 152 (12.7 year-half
life) spans the energy range of muonic x-rays fitree an aluminum or a titanium target. A AGi
strength source placed just outside the detectizagncan accomplish this. Typically calibrationadist
collected simultaneously with the experimental datiae muonic lines are not overlapped by caliiorat
lines. The well established gamma energies andriexgetal yields fo>’Eu are illustrated in the
semilog plot of Figurd.5.

To obtain an absolute measurement of the muonm &omation rate it is necessary to make an
absolute calibration of the total efficiency (deteenergy efficiency solid angle) for gammas leaving
the target position and being detected by the geitmadetector. For this a special measurementeof th
total efficiency can be made anywhere once the éectbr system is available. A strond&Eu source
(100 .Ci) can used in a full scale mockup of target {d& detector, windows, collimators, and vacuum
or helium environment. Locating the source at wsitarget foil positions, spectra can be taken over
long time-interval runs to map out the total e#icty.

8.5.4Selection of Germanium Spectrometer System

A number of vendors supply complete spectrometsiesys. Three prominent _rms are Princeton
Gamma Tech(PGT), Perkin-Elmer (Ortec) and Canbéirthe present time we have a quotation from
PGT, and have requested the same from the othefiotwis.

Among our early concerns about viewing in this tarathe target with such a system were the
following:

1. The event rate in the detector for muonic x-raygioating in the target foils is quite high when
compared to previous muonic x-ray experiments :

With today's high rate preamplifiers of the tratwigeset variety this is no longer a problem.
These are rated as capable of maintaining a fwisolugon of 2.2 keV while handling a count
rate of 800,000 MeV per sec. This should readitisBaour requirements.

2. The detector rate for the interaction of fast mgapture neutrons (> 0.5 MeV) is high enough to
induce damage in the detector's germanium crystal :

This stems from the fact that fast neutrons caseauclear dislocations in the crystal lattice
thereby building up trapping centers for the sigrirge carriers. At a level of A6islocations



per cnf in n-type germanium a deterioration of peak shapelution will begin to show in terms
of a low energy tail. The nuclear interaction lénigt germanium is 88.3 g/criTherefore in a 3
cm thick crystal 17% of the neutrons can inter&ten that half of the muons capture on
aluminum, producing fast neutrons, this leads tat@ for inelastic neutron events in the Ge
crystal of 2.6 kHz. In a TGsec run there will be a need to rehabilitate tiystal every 1-to-1.5
months. Should damage become evident it is pos&ildaneal the crystal off-line using the
vendor's neutron radiation repair kit. For n-tygenganium the charge carriers are electrons.
When trapped in a lattice defect these can begetequickly with less serious reduction in the
total collected charge than for p-type germaniumné¢ we would select an n-type intrinsic
germanium detector with a fast-reset preamplifoeriest high-rate performance. The need to
periodically anneal the detector for damage coake this system down for possibly a shift or
two. For this reason we believe there is a need foaickup detector in the Target Monitoring
system.

3. The transport solenoid delivers a flux of electramthe detector solenoid which is about 500
times greater than that for negative muons inniteal 150 ns following a proton pulse. In the
interval between 150-to-750 ns, when most of themsiarrive, this ratio falls toward 1.0. These
electrons have energies ranging up to 70 MeV. Bstaislung photons are produced in the
forward direction by 16% of the electrons passhmgugh the target foils. These photons,
therefore, add to the muonic x-ray flux arrivinglta¢ germanium detector :

Beam electrons are to be swept from the vacuumlppgplying a transverse field of 0.1 T
across the pipe. This would provide a deection@sfit to remove the electrons from the pipe
within a field length of less than one meter. Tleetdocation for this sweeper would be between
the stainless steel wall and the back concret&kbBxemsstrahlung photons would be dealt with
by inhibiting the preamplifier during the 0-to-186 interval.

8.6 Beam Stop

8.6.1Introduction

The muon beam stop, sometimes referred to as baamp,ds designed to absorb the energy of beam
particles, mostly® andz*, that reach the end of the detector solenoid raddce detector rates from
albedo and secondary interactions in the dumpniegigible level. Muon beam stop design has evolved
significantly from its early form [91]. In particait, beam stop research has seen significant imprent
since the Rare Symmetry Violating Processes prop@2h The new design adds a wall separating the
detector region from the dump; the on-axis circbkam entrance in the wall is fitted with a collBEne
current beam stop design is shown in Figtite

The beam stop is a 10 cm circular steel plate tipogid 12 m from the entrance of the detector sten
the surface of this plate is covered by a 30 ciekttayer of polyethylene monomer. The side wallhef
stop area is a steel cylinder with a 110 cm inadius, with the inner surface also covered by 1®tm
polyethylene. The beam stop is separated fromehectbr and target regions of the DS by a 20 cm
thick steel plate, 10 m from the entrance of thecder solenoid and 80 cm from the rear of the
calorimeter, with an on-axis hole 74 cm in diameBath surfaces of the plate are covered by 15tm o
CH, = CH.. It is essential that the inner surface of theeholthe steel plate is also covered by



polyethylene. The helix trajectories of chargedipkes moving downstream pass through the hole,
increasing in radius due to the magnetic field gmaikl hence, the collar of polyethylene covering th
hole should widen to accept the beam. The upsteahdownstream collar radii are 29 cm and 35 cm,
respectively.

The flux of beam particles at the beam stop is higth particles significantly out- numbering
antiparticles. However, the vast majority arrivehin the first few hundred nanoseconds after &opro
micro pulse strikes the production target. Of tharh particles that arrive at the stopping targgiore
50% of muons and 84% of electrons continue towtdredslump. Bremsstruhlung photons produced by
electrons, and the products of muon decay and m@&aptuhe beam stop can hit the detectors if trerbe
stop is placed too close [93]. Near the rear ofddtector solenoid the axial magnetic field intgnsi
drops along the beam stop direction, see Fi§ufgethis is a critical feature of the beam stolpe Tield
gradient reects most charged particles producéukiistop away from the detectors.

Figure 8.6: The MECO beam stop region with wall, beam entince, and polyethylene collar. The view is a slia# the
rear of the detector solenoid region. The crystalalorimeter is partially revealed, at left.

8.6.2Beam Stop Optimization

Since the magnetic field is graded at the transitietween the detector region and the beam staprreg
a wall with an on-axis hole forming the entrancéh® beam stop further isolates particles in these
regions; the field gradient is again important harthat the orbit radius of electrons and muomsease
upon entering the cavity. Neutrons and photons fnmon capture in the front beam stop wall are not
reflected by the field gradient. One solution i€twer the surface of the beam stop with a mattral
has low probability for muon capture. Muon captigriess likely in light materials, as shown in Tabl
8.2 [94]. An inexpensive choice is to cover thelwath a layer of polyethylene. The capture proligbi
for stoppedy in this layer, shown in Figuri@6, is < 10%. We optimized the hole diameter sating
with beam muons, see Talde8, since such muons have higher average momenrtd0nyleV, than
electrons, ~20 MeV, and thus larger radii. Simolagi show that if 99% of beam muons pass into the
beam stop region, background originating in the pluesult in negligible detector rates.

Figure 8.7: The full geometry of the Detector Solenoid sep used in GEANT3 simulations (top frame) and the =ial
magnetic field componentB, in the same region (bottom frame). In both picturs, the horizontal scale gives position
along the solenoid.

Table 8.2: Total muon capture rates in various target nukei and fraction of captured muons.

H Li Be B C Al Fe Cu
rate (1(5 Hz) 0.0045 0.022 0.059 0.28 0.38 6.6 44 57
fraction, (%) 0.1 0.5 1.3 5.8 7.7 60.6 90.6 926

Table 8.3: Probability P (expressed as a percent) for beam muons to hit theall separating beam dump and the
detector regions as a function of the hole radiughe wall thickness is 50 cm, andR; and R, are the upstream and
downstream radii, respectively.

R; (cm) 20 22 28 29
R, (cm) 25 27 30 32
P (%) 15 82 11 025




8.6.3Detector Rates

We present here the results of detector rate Sudiimg the improved beam dump design. Our
GEANT3 simulations used the full geometry of theddtor Solenoid setup, shown in

Figure8.7, Table8.4 and Tabl&.5 give the background load per micro bunch innleasurement time
window from different sources for the calorimetaddracker, respectively. TabBe6 and Tabld&.7

give the background load per micro bunch, alsaugiclg the prompt ash, from different sources fer th
calorimeter and tracker, respectively. The follogvigpes of the background were simulated:

e a8 - beam electrons;

° - neutrons from muon capture in the muon stoppinggtar

s K - photons from muon capture in the muon stoppingetarg

° - - protons from muon capture in the muon stoppingeta

» eDIO <55 - DIO electrons with energy <55 MeV from muon deaayhe muon stopping
target;

» eDIG > 55 - DIO electrons with energy >55 MeV from muon deaayhe muon stopping
target;

* Npg - neutrons from muon capture in the beam stop frace;f

* Jhd - photons from muon capture in the beam stop fraze;fa

* Pod - protons from muon capture in the beam stop froce;fa

e eDIO,y<55 - DIO electrons with energy <55 MeV from muon deaayhe beam stop front
face;

e eDIO,y>55 - DIO electrons with energy >55 MeV from muon deaayhe beam stop front
face;

* Neol - neutrons from muon capture in the “collar”

* Yol - photons from muon decay in the “collar”;

e eDIO,, >55 - DIO electrons from muon decay in the “collar”

» eDIF - muon decay in flight between stopping target ardbsam stop region.

8.7 Detector Support Structure

8.7.1Introduction, Choices and Constraints

In this section we discuss the mechanical supparttsire for MECO elements in the Detector Solenoid
These are the muon target and its thin protondleeiension, the tracking detector, and the trigger
calorimeter. For discussing its support structwe treat the muon beam stop as another “detecdtiot’.
part of the detector support, but interacting dipseth it is the rear vacuum endcap/muon-beam-stop
(MBS) that closes the vacuum volume. Also interagts the back end of the cosmic ray shield.

We constrain the detector support structure byra¢ehoices:

Table 8.4: Average energy deposition E in the electron t@imeter during the 100 ns acquisition time of the
measurement interval 700-1350 ns and peak energyalh P in the first 100 ns of the measurement inteat normalized
per crystal cell. <Egent > is average energy deposition in the whole calorirter by a background particle.



background background probability to < Eevene>, | E.MeV P.keV
type rate, Hz hit ECAL MeV 100 ns 100ns/cell
& 2.7x 10" 0.00228 0.602 37 29.9
Ny 2.43x 10" 0.000916 1.257 28 22.6
¥ 2.43x 10" | 0.0020 1.084 52 42.5
Pt 0.181x 10" | 6.5x 107 4.2 0.5 0.4
eDIO < 55 0.795x 10" | 4.03x 1073 0.65 21 12
eDIO > 55 2.07x 1¢¢ 0.00226 5.6 0.26 0.15
Nod 0.475x 10* | 0.00073 1.2 4.2 3.4
Jod 0.475x 10'* | 0.00185 1.0 8.8 7.1
Pbd 0.0354x 10"t | 10° 0.6 104 10
eDI0,g<55 |2.1x 10" 2.67x10° 0.78 44 25.2
eDIOy,>55 |5.46x 10° 0.00434 0.856 0.20 0.12
Neol 0.5x 10° 0.0075 1.6 0.6 0.5
Yeol 0.5% 10° 0.0185 1.38 1.3 1.1
eDIOw >55 | 0.25% 1¢f 0.0309 1.06 10 1073
eDIF 1.48x 1¢° 1 28 4.1 2.4
total 191 146

Table 8.5: Peak detector ratedR,;e at the beginning of the measurement window 700- 58 ns. The average number of
hits from one background particle in the whole detetor is < Ngyent >.

background background probability to| < Nevent | Ruires
type rate, Hz hit detector | > kHz
& 2.7x 10" 0.00032 1.54 65
Nt 2.43x 10 0.000142 2.887 49
¥ 2.43x 10 0.000248 4.524 134
Pt 0.18 1x 10** | 0.00362 6.263 202
eDIO < 55 0.795x 10" | 9.8x10° 1.44 5.5
eDIO, > 55 2.07x 1¢¢ 0.00127 22.7 2.1
Npd 0.475x 10'* | 7.1x107° 5.0 5.9
Yod 0.475x 10 | 8.3x 107 4.5 6.1
eDIO,g<55 |2.1x 10" 8.9x 10° 1 6.6
eDIO,s>55 |5.46x 10° 1.82x 10* | 1.5 0.05
eDIF 2.74x 10° 1 35.84 34.5
total 464

Table 8.6: Energy deposition E in the whole calorimeter @r micro bunch and energy depositiorE, per crystal cell
per micro bunch. <Eg.: > is average energy deposition in the entire caloriaier by one background patrticle.

background | N/ubunch probability to| < Eevene>, | E.MeV Ecen, keV
type hit ECAL MeV pbunch pounch /cell
& 1.17x 10 0.00228 0.602 16059 9270

N 3.22x 10° 0.000916 1.257 371 213

K 3.22x 10° 0.0020 1.084 698 403

Pt 0.241x 10° 6.5x 107 4.2 6.7 3.8

eDIG 1.07x 10° 4.03x10°% |0.65 306 180




eDIQ, > 55 278.2 0.00226 5.6 35 2.0
Nod 0.630x 10° 0.00073 1.2 55.2 31.8
Jod 0.630x 10° 0.00185 1.0 117 67.3
Pod 0.0472x 10° | 10° 0.6 0.003 0.002
eDI0yq 2.85x 10° 2.67x10° |0.78 594 342
eDIO,s>55 | 736.9 0.00434 0.856 2.7 1.6
eDIF 161.0 1 28 4508 2601
total 22721 13114

Table 8.7: The total number of hits N,ie per micro bunch. The average number of hits from ne background patrticle

in the whole detector is Ngyent >.

Background | N part Probability to| < Nevent> | Nuire,
type bunch hit detector hits/tbunch/wire
e 1.17x 10 | 0.00032 1.54 2.02

N 3.22x 10° | 0.000142 2.887 0.05
% 3.22x 1¢° | 0.000248 4.524 0.18
Pt 0.241x 10° | 0.00362 6.263 0.19
eDIO <55 | 1.07x10 |9.8x10° 1.44 0.005
eDIO > 55 278.2 0.00127 22.7 0.003
Npd 0.630x 10° | 7.1x 10° 5.0 0.008
Yod 0.630x 10° | 8.3x10° 4.5 0.008
eDIOyq 2.85x10° | 8.9x10° 1 0.009
eDIOy>55 | 736.9 1.82x10% |15 0.0001
eDIF 297.4 1 35.84 3.74
total 6.24

» All initial detector assembly, subsequent serviepairs, or element replacements are done

outside the solenoid.

» All electrical cabling and gas or fluid plumbingeazompleted outside the detector, including the
inside connections to the vacuum feedthroughsthesolenoid. This allows complete electrical
testing of the cabling and integrity testing ofgdls and fluid lines, as well as the commissioning

of the entire detector system before its inserindo the solenoid.

* An absolute stay clear radius for electron trajeeto

* No articulation of cabling and gas lines inside $b&noid. It would violate the stay- clear

constraint.

» Maximal rigidity of the support structure for eagdétector to preserve relative location of the
detector elements. Ideally, the rigidity shouldalbéevel of detector resolution for the tracker.
This internal rigidity requirement is for each dete is not imposed for the relation between the

beam stop, the tracking detector and the calorimete

To satisfy these constraints, a rail and cart sysseused to roll the detectors into and out of the
solenoid through the downstream end after thedialke of the vacuum flange on the MBS is undone.
For the no-articulation and connections-outsidestramts, all the vacuum feedthroughs are on th&&MB




near its outer diameter. The detectors roll form@rtackward together with the MBS, so that cables
and gas lines with nominal slack stay connectethduhe move. The two detectors are mounted on
separate carts to keep the cart length shortguingethe rigidity constraints. The two detectortsand
the MBS are coupled together with fixed-length detg A third cart, for the muon target and proton
shield, is rolled into the solenoid independentigt coupled to the others. It can stay in placerwhe
detectors are rolled out for servicing.

8.7.2Rails and Roll-in Sequence

Three separate track systems are needed in mdwdetector-detector-MBS train and the rear closure
of the cosmic ray shield.

A rail pair is mounted directly to the inside walflthe solenoid for supporting and moving the three
internal carts. These rails will be precision, kraad ball-bearing roller systems for reproducible
positioning of the detector and target carts. Titernal rails end just upstream of the MBS, but are
extended rearward on a series of vertical stanslehffing the installation.

The heavy 2.0 m long MBS rolls on its own rails mtmd on the on top (inside) of the 0.5 m thick iron
magnet return yoke which also serves as part gbélssive cosmic ray shield. The bottom quartehisf t
yoke stays in place, supporting the MBS rail. Tdterdal positioning needs to be only accurate entaigh
align the MBS flange bolt circle. These rails canade with conventional railroad type track and
flanged wheels. These rails also get extended ditakstand-offs during the installation.

Finally, a heavy duty pair of rails on the AGS fila® used to roll back, by about 10 m, the transeer
cosmic ray shield (CRS) of 0.5 m of iron or stasslsteel, scintillators and concrete. A 2 m seation
the top 3/4 of the magnet return yoke is cantileddrom the transverse and rolls out with it toegiv
access to the bolt circle of the MBS flange.

Figure8.8 and Figurd.9 show the steps in the installation sequence.ifi$tallation starts with the
cosmic ray shield in its rear open position, the3/B its backmost position, and all track extension
place. The muon target cart and the two detectts,oaith the tracker and calorimeter already mednt
are in turn lifted onto the detector rails. The @omgs connecting the MBS and the detector cads ar
installed. All wiring and gas lines are installetidully tested. At this point the installationsspped
for the complete commissioning of the detectoresyst

Because the outside rails accommodate the entiomtauget and detector system, the detector
commissioning can be done before, or in paralléhvihe installation and testing of the
superconducting solenoids.

After the solenoid is ready and the commissiongngampleted, the detector-MBS train is rolled
forward, with the rail extensions removed one bg.dirst for the detector rails, then for the MBfis
as their respective carts move o_ them.

When the bolt circle mates up the detector cadsraplace. The final step is the forward rollifgGRS

to complete the enclosure just behind the muon seam The muon monitor pipe travels with the CRS
and is not physically coupled to the thin windowthe MBS. The entire procedure is reversed, step by
step, during a roll-out for servicing.



Table 8.8: Detector solenoid inner radial constraints.

Name Dimension (m)
Detector Solenoid cryostat nominal inner radius  0.95
Electron trajectory stay-clear radius 0.68
Tracker outer radius 0.70
Typical detector inner radius 0.38
Thickness of polyethylene absorber (estim) 0.03
Clearance 0.03

8.7.3Radial Dimensions

The detector supports must satisfy a set of rdidiatls enumerated in Tab&8. The radial space
between 0.68 m and 0.95 m is shared by the poligthyneutron shield, tracks, the detector support
carts and structures and the entire cable plarthédetectors, all gas and fluid lines, on-board
electronics, and clearance space. Coexistencaipr@mium.

8.7.4Detector Cages and Carts

The support structure is similar for all three saa rigid rib-and-truss cage surrounding the detec
and riding on the rollers.

Figure 8.8: Steps 1 through 4 starting the Installation Sguence.
Figure 8.9: Steps 5 through 8 concluding the Installatiofsequence.

Figure 8.10: Isometric Drawing of a 3-rib detector cage.

The basic structural element is a transverse rat:Aduminum annular disk with inner radius at gtay-
clear and largest practical outer radius. Large$iatut in the ribs all around the circumferenceyiole
a path for cables and lines without compromisir@rtimechanical integrity. The total cross-sectional
area available in the cable penetrations is 3700 The cage construction is shown in Fig8re0.

Consecutive transverse ribs are connected by ladigél Aluminum trusses, made from bisected I-
beams, to form a rigid cage. Details such as timelr@n and thickness of ribs and the length of
connecting trusses will vary detector by detedtat,the elements are the same. The detectors are
mounted directly to the cage. Figl8d 1 shows a cross-section of the tracker cagelatsttor; Figure
8.12 shows the same for the calorimeter cage.

The internal rail system will either be stationaaits with moving rollers or moving rails on statary
rollers; the choice will be made as part of theaded design.

The polyethylene neutron shield at the outer radus cm thickness in the detector region, will be
mounted directly on the solenoid wall. Therefohe tib extends from the 0.68 m stay-clear radius to
0.88 m, giving a width of 0.2 m for the rib annul@i$e rigidity of the cages will be calculated fora
finite element analysis as part of an engineeriggjgh.



Figure 8.11: Cross Section of Tracker Cage with the Detemt.

For the tracker, the length of the cage is 3-3.&nah the detector weight supported is negligiblee Th
cage provides a convenient mounting platform fertthcker. The tracker cage length will exceed the
tracker length for diagonal tensioning of the texciétraws, as is needed. The mounting, complidayed
the need for load transfers during the installatiod the evacuation of the vessel, will be doné&én
detailed engineering design. The calorimeter cadgem long, supports 4 individual detector vanehea
weighing 600 kg, for a total of 2.4 tons. For theget/absorber cart the weight supported is ewtirel
negligible, but the length is about 3.35 m. Eadecter cart rides on a three point support, with tw
rollers on one rail and one on the other, to atoidques on the cages. The single roller will havaes
sideways freedom for rail spacing tolerance.

Figure 8.12: Cross Section of Calorimeter Cage with the Dector.

8.7.5Surveying

It will be practical to put several survey targetsthe detectors and cages, to determine the positi
calorimeter and tracker, and check for deformatmitfie cages, by doing a laser instrument sur¥ey o
the targets after the detector has been rolledplatce and is under vacuum. The 0.4 m inner cledius
of the detectors provides a line of sight to surtheystopping target disks from downstream. We will
have three small glass sight windows in the mu@mbstop, to allow this survey. The element-by-
element alignment and survey of each detectorhemther hand, is only practical while the detextor
are outside the solenoid.

The usual technique of using a beam with straiglet{barticles to do a final survey adjustment is no
practical; when the DS is off, a beam transportedugh the TS will blow up on exit. Cosmic rays at
45° will be a partial answer. Helical particle traéksa reduced magnetic field, will be used to catail
any effective offsets from the surveyed elementtjpos, but the interpretation will be more
complicated than for a straight track.

8.8 Vacuum requirements

Vacuum is required in the detector solenoid matallymit backgrounds from muons stopping on gas
atoms, followed by either muon decay or capturea DHO endpoint (also the-e conversion electron
energy) is given in Tabl@.9 [43, 44] for different elements. As discussadier, the DIO process is a
steeply falling background with an endpoint engggyen when the two neutrinos have zero energy. The
muon mass is 105.66 MeV#/d\Nuclear recoil reduces the energy for light nuatel the Coulomb
binding energy reduces it for heavy nuclei. The paitht for Aluminum Z = 13) is 104.96 MeV.
Oxygen Z = 8), present in the residual gas from small lehks almost the highest DIO endpoint,
105.10 MeV. The difference between these endpdinig, MeV, is not significant compared to the
detector resolution. Therefore, the gas does naidnce a “physics” background, and only contriBute
to the overall detector rates. A preliminary estiznghows a detector solenoid vacuum pressure 6f 10
Torr should be adequate. During the experimentdétector rates will be measured as a function of
vacuum pressure. Likewise, some muons will stapénaluminum target supports. With our design,
very few electrons from muon decays in the targathle detector, but this is not true for electrémsn
the target supports. Preliminary studies showwltht a careful design the electron rates from the
supports will be less than one tenth that fromténget.



Table 8.9: DIO endpoint for different elements.

Element (Z)| Energy (MeV)
1 100.29
2 104.19
3 104.78
4 104.95
5 105.04
6
7
8
9

105.06
105.09
105.10
105.11
10 105.08
11 105.06
12 105.01
13 104.96

Vacuum pressure of IbTorr should be well below the Townsend limit foetdetector high voltage
system. The ability to withstand discharge in aigasfunction of the pressure. The minimum voltage
difference without gaseous discharge for Nitrogearily 275 V. This occurs when the distadand
pressure satisfiespd = 0.75 Torr-cm. This is called the Townsend lirand occurs when the energy
acquired between gaseous collisions is greaterttie@ionization potential, and the number of cahs
is sufficient to initiate a gaseous discharge.oMér voltages, a spark will not occur, but a glow
discharge will develop. This will be re-evaluatette the detector high-voltage configuration is
specified.

Multiple scattering of muons that do not stop ie target and the decay electrons from the targdiein
10* Torr vacuum was evaluated and found to contribetgigibly to the detector rates. The multiple
scattering and energy loss of the conversion @sstcontributes negligibly to the signal resolution

The main issue for vacuum in the production sol@m®probably oxidation of the target at elevated
temperatures. A preliminary specification of 4Torr will be used for planning purposes.

Anti-protons in the beam can be eliminated witreppropriately placed thin absorber. The ionization
dE/dx is proportional to@/v)>. The second collimator in the transport soleneiécats negatively
charged particles with < 0.08 GeV/c. For anti-protong, = p/2m < 3 MeV andv/c = p/( Ex + m) <
0.08. Beryllium is chosen for the window matet@minimize the multiple scattering of the muons,
and because it is very resistant to radiation damalge anti-proton energy loss is greater than 0.04
MeV=um. Tracking studies show anti-protons are compteibsorbed with a 120m beryllium
window at the center of the transport solenoid, #weit high energy annihilation products adequately
attenuated by the second bend.

The main vacuum issue with this thin window is wptdue to an unintentional pressure differeniiial.
cannot be made thick enough to withstand one athesspvithout severely reducing the muon flux. If
this window is a vacuum barrier, the radioactifityn neutral atoms from the production solenoid wil
not pass into the detector solenoid. There is mptaatitative estimate of this problem yet, only
anecdotal evidence. However, we can address gus iwith our hardware design. A preliminary design
is given below.



There will be a short removable warm section inrthédle of the second transport solenoid to allbev t
replacement of the Be window. An electro-pneumgéite valve, connecting the vacuums of the
production solenoid and the detector solenoid, nesnelosed during the experiment preventing the
passage of any neutral atoms. The gate valve atitaityaopens in the event of any pressure
differential between the volumes, thus equalizimgpressure at both sides of the Be window. However
if the Be window ruptures, it is easily replaced.



Chapter 9  The Tracking Detector

9.1 Physics Requirements

As discussed in Chapter 3, the limiting backgroumthe MECO experiment is muon decay in orbit
(DIO). We note that the endpoint of the DIO eleotemergy is the energy of the electrons emitted in
coherent muon conversion. Both the absolute nomai&hn and energy spectrum have been calculated
[43, 44] and these calculations agree to a pratisi@bout 25%. The small discrepancy in the
calculations can be traced to different approxioraifor nuclear recoil effects and relativistic
corrections to the muon wave function. Thus thellef background is related directly to the preamsi
of the electron energy measurement, so that, nciple, the background can be made arbitrarily smal
by improving resolution. Since the DIO spectrunisfals the fifth power of the difference between the
endpoint energy and the energy of the DIO electitompackground level is very sensitive to resoluti
To reduce background, the central part of the migol function must be minimized and all high energ
tails suppressed.

To find the constraints on the width of the resolutfunction and its high energy tails, we defihe t
detector response functionf@s), wherex is the difference of detector- reconstructed epargl the

actual energyx = Eget — Eo. GenerallyR f(xX)dx < 1, due to finite acceptance. If one definessigeal

region ax > A, then one can define an acceptance fun@iar) as

Assuming the normalized background takes the fa [

with x < 0, one can define a noise functid\) as

One can further define a noise/signal r&tias

whereR ¢ is they e conversion branching ratio, taken to be'di the following studies. Estimates of
C are inferred from the references [43, 44], givihg 0.6x 10 **MeV®.

Figure9.1 shows the acceptance as a function of _ usthgussian detector resolution function, with
Background/Signal=0.05. Compared with the accegtémica perfect detector with= 0, the
acceptance is 90% at= 300 keV, and 70% at= 400 keV. The acceptance drops quicklydor 400
keV. Thus, we require < 400 keV, or FWHM < 1 MeV. Constraints on the miaigde of a high energy
tail can be qualitatively inferred from Equatio2 9T o illustrate, if we require the extra backgrdun



contribution from the high energy tail to be lesart 2% of the acceptance, then the magnitude of any

high energy tail abovaE should be less than 0.2 M&k AE®; e.g., a high energy tail above 5 MeV
should be less than 10

Figure 9.1: Acceptance as a function of, using a Gaussian detector resolution function; asiming R = 10*° and
Background/Signal=0.05. The acceptance is normalideo 1 for a perfect detector,s = 0.

9.2 Tracking Detector Overview

The tracking detector is located in a uniform 1 dgmetic field. The goal of this detector is to megas
with good efficiency the parameters of the helicajlectory of electrons. The uncertainty in helix
parameter measurements is dominated by multipléesicay in the tracker. A second source of error in
the determination of the energy comes from pattecognition errors. This later source does notecedu
the acceptance significantly, but is a potentiakigpound because it generates high energy tailsein
resolution function. Spatial resolution of detedids along the helical trajectory does not coniigb
significantly to energy resolution. In additionferring the energy of an electron depends on kngwin
the energy loss in the stopping target and in aaterial between target and detector, e.g., proton
absorbers. Energy loss has two effects. One isdaden the central part of the resolution functaod
introduce a small mean energy loss. The secorirgroduce a low energy tail. This latter effect i
essentially equivalent to a loss of acceptancedaed not introduce backgrounds.

A “good geometry” spectrometer should measure ddeus of the projected circular pattern of the
electron with minimal error. We choose to sampkehblical path at three positions, with the fiestd
last positions separated by 288 minimum of three position measurements is negljibut more
points are needed to over constrain the fit andeedackgrounds. This is particularly important
because additional signals, noise clusters, imé#tectors can be combined with true signals talyael
trajectory that reconstructs with energy in the conversion region, about 105 MeV.

These general design considerations lead to atdetgaometry referred to as the Longitudinal Tracke
(L-tracker), and is the baseline tracker to whitieo designs have been compared. The L-tracker
consists of an octagonal array of eight detectangd placed symmetrically around the Detector
Solenoid axis, plus eight more planes (also refetoeas vanes) projecting radially outward fromheac
vertex of the octagon. Each plane is approxima8lgm wide, 250-300 cm long, and has 3 layers of
straw tubes in a close-packed arrangement. A Bitipa in the radial and azimuthal direction is
determined by the straw position and the drift tonethe anode,fe). The hit position in the axial
direction is determined by the centroid of the iedgharge from the anode wire, as collected on
cathode strips etched on two thin, mylar sheetdwihing the straw planes and vanes. In some sudie
reported here, the octagonal array has been modslacylinder.

When all straw tube wires are parallel to the DB ,axelical trajectories return to the sarn@point

(but differentz) after each orbit. Pattern recognition studiessh&tvown that to reduce backgrounds to
an acceptable level more than one turn along the imeist be measured. To eliminate multiple “hits”
on the same detector element, the planes and véties L-tracker are rotated by a small angle
(typically 15 mrad) about a perpendicular axis. @b&ctor length is in the range 2.4-2.9 m, and
extensive studies have been done for 2.4 m anoh2dhg detectors. For a 2.4 m detector, 39% of
conversion electrons emitted wiph> 91 MeV/c have at least 6 hits in the trackinted®r; a 2.9 m
detector guarantees that two full helix turns aeasured for the same class of events. This is sisecl
further in Section 9.3.



The minimum radial distance to the octagonal plaa&8 cm in order to make the rates from DIO
electrons small compared to those from photongaoins. A single turn of a typical conversion
electron trajectory crosses the octagon twice @heéreone or two vanes; we refer to these as 34and
hit turns. Figure.2 views the tracker along the DS axis with thragctories superposed. The
transverse momenta of these trajectories (refecetucthe stopping target position) are 55 MeV/e (th
momentum exceeded by only 0.3% of decay in orkittebns), 91 MeV/c (the transverse momentum of
a conversion electron emitted athGnd 105 MeV/c. Note that the figure shows th&imam physical
stopping target radius, 8.30 cm; while a circlecritged inside the octagon is 38 cm.

Figure 9.2: The figure shows a cross section of the traclg detector, the stopping target, and trajectorie$or electrons
created in the target with transverse momentum of 5, 91, and 105 MeV/c. The trajectories are positi@d to show the
minimum allowed detector radius that keeps rates fom muon DIO manageable.

MECO also is considering an alternative trackingedir (T-tracker) whose characteristics have ett y
been fully determined. This detector has considgnalore and shorter straw tubes oriented transverse
to the axis of the solenoid, but rotated azimuyhaith increasing axial displacement. The geomistry
shown in Figur®.3. In its current design, the T-tracker has 2R@lufes spaced 14 cm apart along the
magnet axis. Each module consists of 12 units, aatthone layer of straw planes. These planes are
trapezoidal in shape and consist of 60 straws rgnigom 70 cm to 130 cm long. The straw plane has a
minimum radial position of 37 cm with a radial waddf 30 cm. Units within a module are rotated about
the magnet axis in 3Gsteps.

In the T-tracker, a hit location in the coordinansverse to the straws is determined by the straw
position and the drift time, and the hit positiorthe axial direction is determined by the strawifon.
This detector has no second coordinate readousZineuthal position is obtained from the steredeng
between the rotated tracking units; it also dodscantain cathode strip readout. The T-trackeuireg

a larger number of straws, ~16000, than the L-#gck3000. The T-tracker presents more material the
spiraling electron must pass through than the tkiga The length of the T-tracker is adjustabteraf
straw tube production by adding or removing modulgthin limits imposed by the DS system, while
that of the L-tracker is fixed after straw tubed#mnis chosen.

Figure 9.3: A cross-section of the MECO T-tracker showinghe straw frames as they are azimuthally rotated.

9.3 Tracking Detector Performance

9.3.1Detector Rates

High rates in the detector may limit the experinaésensitivity in several ways. First, detector
occupancy might be so high that the efficiencyahecting valid position information is reduced.i$h
problem may be addressed by making finely segmedaszttors with short integration times. Second,
noise (accidental) hits may be combined with tHose a lower energy trajectory to create a trajgcto
consistent with that of a conversion electron (M¥/). This is a problem common to many high rate
experiments that look for rare events, and it maglppressed by reducing time resolution, having
sufficient redundancy in particle position measugats, and by discriminating against signals from
particles other than the electron of interest. dhinere may be contributions to the trigger rate tb



pile-up of lower energy signals in the trigger d¢de. This possibility may be reduced by segmeaoiati
and geometric design of the trigger detector.

The detectors are active only (in principle) betwe®mion pulses. At this time few, if any, protonsthe
production target, so particle flux in the beamrotel is very low. However during a 200 ns period
following the proton pulse, there will be a verghiflux of charged particles passing through themu
beam channel and the detector solenoid. In this imterval the detector rates will be so high gteaw
tube gains may have to be reduced by a factor D0\M@ also note that the magnetic field is designed
so that there are no magnetic traps, to ensuréfteed are no late arriving particles, or ones mgki
multiple passes through the detector.

During the active time window, detector rates afieen four main sources.

* Muon DIO electrons potentially produce high detecédes, but the detector is designed so that
the majority of these are restricted by the magrfetld to radii less than 38 cm. Only those with
momenta above ~60 MeV/c reach the detectors.

* Roughly 60% of stopped muons are captured on nuidheise captures produce photons,
neutrons, and protons from nuclear de-excitatiggpraximately 2’s, 2 neutrons, and 0.1
protons are emitted on average for each capture.

» Beam electrons emit bremsstrahlung radiation astt@erse the stopping target. These photons
may Compton scatter and pair produce in the de®citie muonbeam line is designed to
reduce the flux of low-energy electrons that rethehstopping target in the measurement time
window; however, beam electrons are the dominamitritwtion to detector rates during the time
immediately following the proton pulse at the protion target.

» Albedo from the muon beam stop can reach the detduit beam stop design reduces these
rates to a low level.

The products of each of these sources also strikbéam stop, contributing to the detector ratasond
stopping in the dump represent less than halfdta lux of beam muons, furthermore, the probapili
that a muon decaying in the dump causes a hiténobthe detectors is significantly less than tfa
muon in the stopping target.

Rates have been calculated using full GEANT sinmuhatof the interior of the detector solenoid. st
simulation, first , the spatial distribution of pfied muons was calculated using GEANT, then the
distribution of the source of particles that pot&ht cause detector hits was chosen. Energy speftr
particles emitted from nuclei following muon ca@w@and electrons from muon DIO have been taken
from the literature, as discussed later; thesegbestwere then generated isotropically with the
appropriate energy distribution and tracked throtinghmagnetic field. All physical processes in the
materials of the detector solenoid, and muon beampdwere included. Some of these rates depend on
the amount of material in the tracking detectod #ns has been modeled in some detail, includieg t
structure supporting the straws, cabling, etc.

Detector design is driven by the need to be insigrsio the majority of the approximatelyt@nuon
decays per second; this is an advantage bf -~ e N experiments with respect to- ey since the
signal electrons have twice the maximum energyeafteons fromy/ decay in vacuum. For muon DIO,
the spectrum extends to 105 MeV as is shown inrEigi4. To simulate detector rates from this source,



electrons were generated with this spectrum inraecwe with the previously determined stopping
distribution in the target, and the hit rate in ttecker was calculated. The electron rate is dated by
muon DIO, protons from muon capture in the stopparget, electrons traversing the detector, anah fro
bremsstrahlung photons that pair produce or Comgtatter in the tracking detector (often aftertfirs
scattering somewhere else in the detector solenbid) total contribution is significant only in the
octagonal planes of the detector; a full breakdofte contributions to the tracker rate are shawn
Table9.1. The symbols indicating background type apdared in Subsection 8.6.3.

Figure 9.4: Plot of the differential and integral electronenergy distributions for g decay in orbit. Circles are the
integral of the distribution for energies above theabscissa value, and crosses are the differentiabttibution. The
background-type symbols are explained in Subsectiod.6.3.

There is an unavoidable flux @&, protons and neutrons muon capture on nuclerygy capture

results in the production of excited nuclear statedioactive nuclei, and/or neutron emission vl
possibility of subsequent neutron induced nucleanma rays. This results in photons originating from
various places in the detector solenoid, someifnadf which are not associated with the beam gate.
Almost all of these photons are less than a few Nt¥ binding energies of the most probable excited
nuclei aftery capture are less than 4 MeV). To proceed we andlhgeffects of a at energy spectrum
out to 10 MeV at a rate of 1)& pery capture.

Protons are also emitted during fiaecapture process. The proton spectrum, which hages
predominately below 15 MeV, was taken from an expent [95] using muons stopping in emulsion.

The shape of the spectrum is almost Gaussian,reena ~7.5 MeV proton energy, with a ~5.5 MeV
width and a high energy tail extending to abovévie)/. The normalization is somewhat uncertain and
depends strongly on nuclear size. The best availdditia on the normalization is from Budyashov et al
[96]; other experiments [97, 98, 99, 100] also repteasurements on different nuclei. We have taken
conservative approach using the largest reported @.15 protons pgw capture. The proton spectrum
we use is shown in Figu@5. The protons have relatively high momentum,|twtkinetic energy and
are easily absorbed.

Figure 9.5: The distribution of the kinetic energy of probns originating from g capture on Al, taken from a fit to the
data of reference [95]. The shaded histogram givéke distribution of protons that cause hits in thetracking detector.
One may note the attenuation of low energy protonis the proton absorbers described in Section 8.3.

The largest contribution to the rate is from pratahe total instantaneous flux of protons exiting
stopping target is ~1.6 10'°. Without shielding, the average rate in individtratking detector
elements would be well above 1MHz. However, thégre can be attenuated significantly by a set of
absorbers (see also Section 8.3). We have insartadoon fiber conical shell of thickness 1.0-318 m
surrounding the stopping target, with inner radis0 cm, at the DS entrance, and 69.0 cm threermet
downstream. The geometry of this upstream absahmrosen so that it is not hit by 105 MeV elecsron
originating in the stopping target. A second pdiytne absorber consists of a cylindrical shell of
thickness 0.5 mm and with radius slightly smalleart the inner radius of the tracker. It extendmfro
just downstream of the stopping target to the b@gonof the tracker. The effect of proton absonpiio
the stopping target and the absorbers is showigur&9.5. The lowest momentum protons are fully
absorbed, but the remaining protons typically heweean ionization rate ~20minimum-ionizing. The
resulting rates are given in Tal89lel.



Rates due to photons were investigated in a sirodknulation and reported in Tal¥el. Many of the
photons interact in the tracker after scatteringthrer material, but tracker hits are caused by low
momentum electrons from Compton scattering or paiduction, and these typically make multiple
passes through a given straw within a very shore ti

Table 9.1: Peak detector ratefR ;e at the beginning of the measurement interval 70@350 ns. The average number of
hits from one background patrticle in the entire deéctor is <Ngyen; >.

# Background Rate (Hz) Probability to| < Nevent™> Ruire
type hit detector (kHz)
1 & 2 7x 10" 0.00032 1.54 65
2 N 2 43x 10 0.000142 2.887 49
3 % 2 43% 10" 0.000248 4.524 134
4 Pt 0 181x 10" 0.00362 6.263 202
5 eDIO < 55 0 795x 10" 98x10° 1.44 55
6 eDIO, > 55 207x10° 0.00127 22.7 2.1
7 Npd 0 475x 10* 71x10° 5.0 5.9
8 Yod 0 475x 10 83x 107 4.5 6.1
9 eDIOyq 21x 10" 89x10° 1 6.6
10 | eDIOy>55 546x 10° 182x 10 1.5 0.05
11 | eDIF 2 74x 10° 1 35.84 34.5
12 total 464

Neutrons are produced during tliecapture process. A neutron spectrum, typical tortarget, can be
created from experimental data [101, 102]. Neuttmiew 10 MeV are produced by a thermal
distribution and there is an exponential tail abb0evieV. Detector rates have been calculated asgumi
two neutrons are emitted pgr capture.

The rate of neutron hits is sensitive to the detbgeometry of the detector solenoid, but the ptese
simulation suffers from the fact that neutronstaaeked only down to 10 keV, at which point they
deposit their remaining energy locally. We haveergly begun to use the GCALOR code to compare
the results, and we plan to explore other codesfure reliable calculations. We plan to attenulage t
neutron flux through the use of appropriate neuttosorbers, for example in the region upstream
around the stopping target and outside the coprcdbn absorber. In any event, neutron inducedassgn
in the tracker often do not have three strawsrhi cluster and thus can be removed from incluision
the pattern recognition codes. The tracker rata®s fneutrons are given in line two of TaBl4.

Late arriving beam electrons also cause additidasdctor hits. These have been calculated in a
GEANT simulation using the time and energy disttidnu of beam electrons as discussed in Chapter 8.
The hits come from bremsstrahlung in the stoppamgét, with the 's subsequently Compton scattering
or producing pairs in the tracker. This contribatis given in the first line of Table1. We note that

late arrivals may be reduced by improved desighm®imuon beam.

The total rate per detector element is ~500 kHes€hrates are lower than those in the straw chamber
of similar construction, used in BNL E781. Durin@@&ns gate with a typical drift velocity of 100

um/ns, the average occupancy will be under 2%, aaayrof the signals induced by these particles may
be distinguished from those induced by conversieat®ns. We give some examples:



1. Hits by protons have large pulse height comparembihwersion electrons.

2. Hits by electrons from Compton scattering and peaduction will also typically have high
pulse height since these make multiple turns thraugingle straw.

3. Hits can be distinguished by their time structuteclk will not be consistent with that of a
spiraling 105 MeV electron.

4. Hits due to neutrons will have high energy depositand will typically not activate all three
layers of a straw tube plane.

9.3.2Response To Signal Events

In this section, we discuss the tracking detecéofgpmance for true signal events in a 2.4 m long
detector. This study used a full GEANT simulatidrite target and detectors [103, 45]. It incorpedat
the full Moliere scattering, Landau fluctuationgtie energy loss, and Gaussian measurement errors.
The errors in position measurements were takeetQ 0.2 mmgy, = 0.2 mm and, = 1.5 mm. The
simulation used electrons originating from the ¢amjsks, exiting isotropically and appropriately
distributed according to the relative muon stopgingpabilities in the disks.

The study reported here does not use a full mddéleatracking detector including drift times ireth
straw cells. Positions of the electron trajectargs tube plane crossings were recorded, refeoed t
theclusterposition, and then randomized according to theluéi®ns given above. Straw chamber
inefficiencies are also not incorporated in thigdgt however, by allowing up to two of the six oora
clusters on each trajectory to have one of thestetaw signals missing, a single cell efficienty o
97.5% would result in a 3% loss of events duer@asthamber inefficiency.

In addition to generating simulated cluster posgiérom the DIO or conversion electrons, clusters
induced by the high ambient flux of protons, neasrand photons emitted following muon capture were
superimposed on events. This was done by usingANGEimulation to produce events in which these
background particles produced hits in the tracklatgctors. A large sample of these events were
produced and stored, and randomly sampled at th@pipate rate. In our studies, the average number
of noise clusters is eight, as determined frometstenated flux of background particles in a 15imet
window around the electron time.

It is assumed in the analysis that the two cootdméstraw hit and pad hit) are not correlated. e\av
some correlation could be implemented, for exarbgleomparing pulse heights in the two coordinate
measurements and timing of the hits should be wihiew nanoseconds. Thus we have taken a very
conservative approach in the pattern recognitiGiysis.

Since we do not simulate individual straw signaiany of the tools that could be used to rejectenois
clusters have either not been incorporated int@ttadysis or have been incorporated only in an
approximate and rather conservative way. Otherdpacind rejection techniques are discussed in the
following section on backgrounds from pattern regbgn errors.

Figure 9.6: Sample conversion electron trajectory in the MCO simulation using GEANT.



About 60% of all conversion electrons hit the deied=igure9.6 shows a typical event in the
simulation. The number of times the electron héliGectory turns within the detector region is
determined by its pitch angtg, = arctan [/p;), and detector length. Figuée7 shows the distribution in
the number of clusters in the tracking detectorcfmmversion electrons that hit the detector. A $tadl
extends beyond 14 clusters from electrons thatdmgeficant energy in the tracking detector anaksth
make many turns in it. Figu@7 also shows the distribution in pitch angletfag same electrons at the
upstream end of the detector. We require that sgrents have a measured valugggfin the range 45
< 8,<60. The lower limit ond, eliminates electrons originating in regions withgnetic field of 2 T
or larger, e.g., in the transport solenoid or i fihal collimator, and also minimizes backgroufrdsn
beam electrons that scatter in the target, as skeclin Chapter 3. The upper limit helps to reduce
backgrounds from cosmic rays or events producdldarmproton absorber. This limit is equivalent to a
requirement that the electron propagates upstreahettarget without being reflected in the incnegs
magnetic field.

Figure 9.7: The left frame shows the cluster number disthution for conversion electrons within the trackingdetector
acceptance. The right frame is the pitch angle digbution for the same set of events.

The pattern recognition procedure is to first setdusters that form circles in thg (transverse)
projection and then match them witlfaxial) clusters to look for good helical trackdl. possible
combinations of clusters are tried, including comig all xy clusters with all z clusters in a givesne

or segment of the octagon. The momentum for thie bralck is then determined by a fitting algorithm
(fitter) that uses a likelihood method to be describedvioeT he fitter returns the most probable
momentum and a corresponding likelihood at this matim. Since the fitter is very CPU intensive,
preliminary selection criteria are used to obtateptially good circles in the transverse plane fafid
helices in three dimensions so that the numbeps$iple trajectories analyzed by the fitter is mizied.
These criteria are chosen to reduce computingwihike producing a negligible reduction in accept&anc
for signal events.

We now briefly describe the fitter. It works on thenciple of the maximum likelihood method, and
determines the most likely momentum of a partibbt tmade the helical trajectory. The strategy notes
that the trajectory mainly deviates from a helixeda multiple scattering in the detector elemeis,
individual segments between adjacent hits are dlelihe fitter exploits this to determine the tcagery

of each segment between detector crossings asadiof the electron momentum pe and then
calculates a likelihood valugpe) for the full trajectory as a function pf. This likelihood value is
simply the product of the scattering probabilityeath detector position.

Heren is the total number of hits ai@dd)dQ is the probability that the particle scatterea itite solid
angledQ at &; in the detector element where ikt hit was recorded. The paramdi&) takes a
Gaussian form for small angles and has Moliers fail large scattering. It is also possible to
incorporate energy loss and the detector spasalugons in Equation 9.3. This is discussed iraifl@t
reference [103].

The most probable value pf is that which maximizes the likelihood. To estim#te error on the value
of pe from the fitter, the distribution in the likelihdoss.pe in the region of the peak is fitted with a
Gaussian form. The of this fit is denoted,e and it gives a good estimate of the uncertaintheén
measured value @t. The parametef,. and the maximum likelihood value are found to be/grful
discriminants against events with badly fit trageds. The above algorithm is derived assumingitse



which are used are those actually made by thecpattack (i.e. no pattern recognition errors). The
same algorithm is found to work well even with mgiafter applying additional selection criteria
discussed below.

The following are the selection criteria imposedétect well measured particle trajectories follogvi
the track fitting.

1. The value of the likelihood is required to be geedhan some value.
2. The scattering angle at each detector elemengisresl to be less than 0.08 radian.
3. The fitted uncertainty. is required to be less than 600 keV.

4. The total number of clusters is required to beeast 6 for a 2.4 m detector. This requirement
varies with detector length, and it significantiduces high energy tails in the resolution
function, primarily from pattern recognition errors

5. The fitted trajectory is required to have a clustieeach intersection of the trajectory and a
detector element.

6. The projection of the fitted trajectory to the poiwhere it intercepts the electron calorimeter is
required to agree with the position the electroterd the calorimeter to within 20 cm.

7. The energy of the GEANT primary electron at thea@mte of the electron calorimeter is
required to be at least 75 MeV.

8. Anevent is rejected if a lower momentum trackoisrfd with a suitably relaxed set of selection
criteria. This significantly reduces backgroundnfrpattern recognition errors with essentially no
loss of acceptance for the signal events.

The intrinsic energy resolution (excluding the eféeof energy loss in the target, but includingtispa
resolution in the tracking detector and the eftdatoise) is found to bexus= 150 keV. The effect of
energy straggling in the target causes the resalditinction to deviate from a Gaussian shape at low
energies but does not introduce a high energyntailthe resolution function. The FWHM of the
response function is 900 keV. The resolution fuorgtincluding all the above effects, is shown in
Figure9.8. The figure has curves for signal and DIO baokgd, normalized foR . = 10, The total
experiment run-time used here is' 0

The distribution for DIO electrons is calculateddonvoluting the response function with the thaoadt
DIO spectrum [103], which is proportional .y — Eo)® near the endpoint [44]). The signal to
background ratio is 20 fdf, > 103.6 MeV, and the acceptance is 19%. The FRghire9.8 is a
parametric plot of acceptance versus the backgrtusinal ratio as the lower limit on the electron
energy is varied. This plot demonstrates that #iekground to signal ratio can be further reducdadvioe
0.05 with little loss of acceptance. We summarmedfficiencies of the critical selection criteima
Table9.2. Further suppression of some backgrounds eabtained by restricting the upper limit on
the electron energy. For example, restricting teeteon energy to be 103.6 MeVE < 105.1 MeV
introduces negligible acceptance loss.



9.3.3Backgrounds Induced by Pattern Recognition Errors

We next turn to a discussion of backgrounds duetg high energy tails in the resolution functidn o
the spectrometer. These have been shown to bergyimiae to an analysis combining hits from a low
energy electron and random accidentals (noiseeskistWe refer to this as pattern recognition atror

Figure 9.8: The left and center plots are the response fation of the detector for 105 MeV electrons generatl in the
stopping target on log and linear scale respectivel Also shown is the expected DIO background, caltated by
convolving the response function with the theoreti DIO distribution. The normalization is to a data taking period of
107 s andR e = 10°*. The right plot shows a parametric plot of acceptace versus background/signal ratio as the
lower limit on the electron energy is varied. Thesédistributions were generated for 105 simulated corersion electrons.
The background/signal curve was calculated for a saple of 10 events and is essentially identical to that shown.

Table 9.2: A summary of the critical selection criteria sed in the electron momentum measurement for the MEO
detector

Selection criterion Efficiency
At least 6 hits in tracking detector 0.44
Detected energy above ~103.6 MeV 0.62
Required pitch angle at the detector 0.88
Requirements on fitting quality 0.83
Position match in electron calorimeter 0.97
Overall acceptance 0.19

While the preceding discussion of backgrounds eitpliincludes the possibility of background due to
pattern recognition errors, it is limited due te finite statistics of the calculation, consistisfgl0’

fully simulated events, including noise. The statéd level of this simulation is sufficient to calate

the background arising from DIO electrons with glyeabove 100 MeV, of which there are 216r the
total experiment run time. For DIO events below M¥V there are many more events, thus additional
calculations are required in order to estimateettygected background level. These calculations are
described in detail in reference [45]. Backgrouadld, in principle, arise from a variety of sources
multiple scattering, large tails in position redan, etc. We have found that DIO electrons in this
energy range primarily produce potential backgroboygattern recognition errors [45], but at a level
well below the sensitivity of the experiment. Wéelly describe those calculations here. In this
discussion, we define a background event to be@structed track with momentum above 103.6 MeV.
The pattern recognition and fitting code imposesigper limit of 120 MeV on the reconstructed
energy; hence the background is in the interval@ 88V <E.< 120 MeV.

Table9.3 gives the integrated fluxes for DIO electronsinty the nominal 10s, corresponding to the
total run time of the experiment. The integrateck flises steeply as the lower energy limit fallsl she
energy range that is likely to contribute backgmboan be deduced only by a calculation of the ixedat
likelihood of mis-measured events of different gnes.

Table 9.3: The integrated flux of DIO electrons above vaous energies.

Lower energy limit (MeV)| Total DIO events

100 1x10°
95 5x 10°
90 1x 10

85 1x10°




80 9 x 109
75 6 x 10'°

Two independent studies were made to determinauheber of mis-reconstructed events. Both used
GEANT simulations of the detector, but they usdtedint pattern recognition and background
rejection strategies. The calculations proceededebgrmining the cluster positions of the DIO alecs
and superimposing, on average, an additional 2gerdusters. This is larger than the expected noise
rate and allows an efficient determination of thestrprobable topology of background events.

The more powerful of the two pattern recognitioratggies applied the same reconstruction procedure
to the DIO events, described in the previous seci&esults for two different detector lengths and
several energy intervals for DIO electron evenésgaven in Tabl®.4. A minimum of five clusters was
required to form a helix in the 2.0 m detector, andfor the 2.4 m detector.

It was possible to generate sufficient statistozs¥lO electrons withee > 95 MeV to show by direct
simulation that the background rate is negligiBler lower energy, it is not possible, given avdgab
computing power, to generate the full sensitivityr® experiment. Hence, we rely on a study of a
sample of events with somewhat relaxed selectibera to infer the properties of events that &ely

to cause background. The basic procedure is tg sel@ction criteria and study the number of nbise
necessary to make background events. It is fouaickie background events typically use a large
number of noise hits; the high energy part of geolution function is dominated by events with many
noise hits. To study a sample of events with higitebability to produce background, we generate
events with higher than expected noise rates, aghivthe events appropriately. The specific
procedure we use to calculate the expected levehoiground is to weight each event by suppression
factors corresponding to the random probability tha particular event with a certain number ofseoi
hits would occur if we did the simulation with tegpected noise rate rather than an inated noise rat

Table 9.4: Pattern recognition results for two differentdetector lengths and several production windows. A
background event is an electron reconstructing wittmomentum exceeding 103.6 MeV/c and satisfying tlselection
criteria listed in the preceding section.

Detector length DIO energy window Events thrown Background events
24m 95-100 MeV 5x 10’ 0
2.4m 80-95 MeV 1x10° 0
2.4m 75-80 MeV 4x 10 0
20m 95-100 MeV 4x 10 2

There are several suppression factors to applyh&Ve used a mean noise rate three times higher than
expected, so there is an event suppression fatfoeq1/3)" , where nt is the total numberxf andz
noise clusters used in the fitted trajectory. Femtiore, the detector plane-helix crossing angtben
transverse plane is determined to high precistig;angle can be inferred locally using the fulhst-

tube drift time information with a resolution of@lt 50 mrad. These angles can be compared with the
local helix crossing angle to reject clusters étlare not consistent. We estimate that a consegvat
(high efficiency) cut on the agreement would resuli suppression factor &f = (1/8)"™, wheren,y is

the number oky noise clusters. This is equivalent to the statertiet only 1 noise cluster in 8 would
have local cluster information consistent with lgedtue to a particle with a well known trajectory
inducing the hits. An event suppression factoakeh as the produftx fs, and this is then averaged
over the background event sample; we denote tleisage factor ak.



For electrons between 95 — 100 MeV, fs is estimaddze 0.005 for a larger sample of backgrounds
satisfying relaxed cuts. Since there is no backgidound after the final cuts, we calculate Pb, the
probability of producing a background per DIO elentif the sample corresponded to one background
event:P, = 0.005/5x 10" = 10*°. Multiplying this probability by the total numbef DIO electrons in

this energy window, we expect 0.0005 backgroundhisve

Similarly, for electrons between 80 — 95 Mddjs calculated to be 0.00006 for a relaxed sample o
background. For this sample, we h&ge= 0.00006/18= 6 x 103 and we estimate the background
from DIO electrons between 80 — 95 MeV to be B0 % x 9 x 10° = 0.005. For electrons between 75 —
80 MeV, no background was found even when thenttriteria were considerably relaxed. Since Pb is
smaller for lower energy electrons, we use theevaluPb for 80 — 95 MeV electrons and multiply by
the total DIO electron number, as this overestisi#lie expected background. Taking into account the
triggering efficiency, 0.6 for an 80 MeV electrame find the background from DIO electrons in the
energy range 75 — 80 MeV to bex@0 ™ x 0.6x 5 x 10'° = 0.02 events.

In this study, only events with four hits per haliturn were accepted. Other studies have showrhba
background level for reconstructed events withehrigs per helical turn have approximately the same
background level, which we assume would be the. @&s®mming all backgrounds and accounting for
the exponential dependence of the detector raiaglthre 700 ns detection time, the total expected
background is 0.067 events. Doing the same analysisassuming a noise rate two times higher than
expected results in an expected background of dteve

These background events are consistent with beirigrimly distributed in the energy interval of
interest, 103.6 MeV &, < 120 MeV. Hence, the number of events expectekdrsignal window size,
103.6 MeV <E < 105.1 MeV is about a factor 10 less, or 0.00énév at nominal noise rates.

We further note that this calculation is consematn a number of ways. First, we have used esdbnti
no energy matching in the calorimeter and only Yeoge position matching requirements. Second,
additional rejection against noise hits can ussehbkight information. Protons are heavily ionizamgl
such hits can be rejected with high probabilityo®hs cause hits by Compton scattering or pair
production; in both cases the electrons make Halrtdts within a drift tube and can also be
distinguished by their high apparent ionizationirdhwe have assumed no correlation between xyzand
clusters; however, both pulse height and time niagcban be used to reject incorrect pairings. Fmnal
we can reject events with a low momentum trackréhily only low momentum tracks with 4 hits per
helical turn are found; rejecting low momentum ksawith 3 hits per turn will further reduce
backgrounds.

A more straightforward strategy, employing heliceds, was also used in an independent simulation
and analysis of background from DIO events. Thg®athm reconstructed events with both 3 and 4 hits
per turn and used similar noise rates. It also esetigy matching and tighter space matching in the
electron calorimeter, but did not use local tracgla information. Although it achieved background
rejection a few times worse than the strategy desdrabove, it did give another set of direct simtioh
results on the sensitivity of the background rattattors like the noise rates, local track angle
information, and detector length. The dependendbebéxpected background level on the noise rate is
similar to that of the other analysis, as is thpethelence on the energy of the muon DIO electron.

We conclude that if accidental rates are as exgetite muon DIO background from event mis-
reconstruction would be < 1 event with a 2 m deteand is significantly under one event for 2.4 m.
This is not a limiting background, however. Make¢pnger detector provides significant further



rejection and insurance against detector accideatas$ that are higher than calculated. Some additi
background rejection tools not currently used, mevurther rejection possibilities. Based on these
studies, we propose a tracking detector lengtherrange 2.4 — 2.9 m. The actual length will beseimo
by balancing construction constraints against #srd for redundancy in event reconstruction.

9.4 Mechanical Construction

9.4.1Straw and Pad Designs

The baseline tracking detector is constructed i diameter straw tubes in the geometry described i
Section 9.2. Both the octagon plane and vanescan@ased of detector planes formed by three layfers o
nearly axial, close-packed straws [104]. The strasge 25m m thick carbon loaded Kapton walls, so
that the axial coordinate of a hit can be meashyegkading the induced charge on capacitively ceaipl
foils placed on both sides of the octagonal plarevaane detectors [105]. These foils are made of 25
um Kapton having 5 mm pitch copper strips etcheg@edicular to the wire direction. The number of
channels is given in Tabf5.

Table 9.5: Number of detector channels

Detector Element  Component Number per Total Read-out
Element
Octagon Straw Tubes Strips 180 1,440 TDC and ADC
1,040 8,320 TDC and ADC
Vanes Straw Tubes Strips 180 1,440 TDC and ADC
1,040 8,320 TDC and ADC
Crystals Crystal 1 2,000 TDC and ADC

Straws of length 2.4 m require one intermediatgetifor the anode wire. The straws and wires lell
attached to manifolds which provide gas and elegitdonnections. The manifold and straw mounting
fixtures on each end of the straws are made oflheryhaving a total of 2 gm/cfrthickness in the
axial direction and 2.0 cm width perpendicularte straws.

The position resolution constraints are well withihat has been demonstrated in a number of
experiments. We have assumed a Gaussian posisolutien of 200um for the drift coordinate and 1.5
mm for the axial coordinate z, for the mean coaathrof a cluster of hits (3 — 4 drift coordinatesl a
two z coordinates). Typical drift resolution in detors of this type is 160m for each drift coordinate
[106] and ~10% of the pad width for capacitivepteadout. Operation in a magnetic field will
somewhat degrade the performance of the systenthisus not expected to present significant
difficulties. In any event, simulations have shaivat tails in the position resolution of a few pent
which extend out to a straw diameter do not ad\eedéect the momentum resolution.

Straws similar to these, although somewhat shdmtere been successfully used in BNL Experiment
E871 [15]. Low density straw tube systems of 2.2r6,m, and 2.4 m have been successfully built and
tested by several groups [104], and readout ofahdn pads through resistive straw cathodes has bee
demonstrated [105].



9.4.2Deformation of Straw Tubes

Deformation of the straws when loaded by gas pressud wire tension was investigated. If treated as
cylinder, the internal gas pressure results inwward force of ~2.0 N per straw, and this excebds
expected wire tension of ~0.5 N. At issue is theeeixto which the straw deforms due to this loadlhg

is noted that long straws are generally placed nad®utward tension of about 1.8 N in order tgrali
them before wiring. However stretching of the ssaiter installation into their planes could caase

of plane deections resulting in variation in eficcy over the straw length. We tested the fractiona
stretch of a straw by increasing the pressuresigaded straw with one end fixed and the other ffee.
typical fractional change in length is 0.04% foeatmosphere overpressure. This would not over-
tension the wires, but will likely require a mourgisystem in which one end of the tracking detector
can move axially as the interior to exterior pressthanges.

9.4.3Wire and Straw Support

Several wire support designs have been studiedd@sign uses injection molded plastic [107]. Irs thi
design the overall form is a cylinder, 3.95 mm iandeter, and 4 mm long. The central portion which
grips the wire is molded as a blank disk, and cotetkto the wall by three spokes. In use the wisase
been measured to center within 4. Its weight in the MECO application (where thexgt diameter is

5 mm) is estimated to be 0.07 g, compared withgXfdr a three meter long straw. In addition theee a
the designs of [108]. One of these consisted déstip cylinder 7.7 mm long with a helical groovde
groove was one cylinder radius plus one wire radeep, had a circular shape at the bottom, and made
one complete turn around the cylinder. The massefsuch piece is about 0.15 g. The other design wa
called the “double-V”, and was made of two piecashewith a V-shaped slot. The apex of each V was
on the center of the straw, with one rotated 18ffes with respect to the other. We intend to eatalu
these different designs for use in MECO, expediirag at least one of them will meet our needs. wire
stability can be estimated using the relation [109]

with E the wire-straw center displacemerthe distance along the wir€ the tension of the wire and
straw, p the linear weight density of the wire and stramd & the half-wire length. Under simplifying
assumptions the constakt,s obtained from the wire voltage relation

whereV is the wire voltage,, the wire ands the straw radius.

The straws should be tensioned at about 200 g (1) 96r several hours to maintain straightness [104
A Kapton straw stretches about 0.06% per 100 gmdion. wires with 2%m diameter can be tensioned
to 80 g (0.78 N). These parameters show that g@atiement E as calculated from the above equation
is very small (a fewum); thus, gain uniformity over the straw lengthlveé dominated by the
mechanical precision of the straw tubes and wignaient.

9.4.4Straw Operation in Vacuum



We tested the leak rate of straws under vacuumtr@cking simulations have assumed we would use
straws similar to those used in E871, which areer@dwo layers of Kapton, each 0.0005 in thick,
spiral wound with a half strip overlap. The innayér has ~1000 Angstroms of copper deposited on the
interior. We tested the leak rate of both the lafkw material and the end fittings by measurirgrtte

of rise of pressure in an evacuated tube contaisamgple straws with one atmosphere pressure. $ée ri
of the chamber pressure was measured as a furaétione after the pump valve was closed. The rise
decreased with initial pumping time, indicatingvits due to out-gassing of the exterior of the straw
The residual rise after 5 days of pumping corredpdrto a leak rate of ~210°® I/min/m for the bulk
straw, and a leak rate of *310°° I/min per end. These leak rates, when scaledetéuthspectrometer,
are well within modest pumping rates. Furthermete@w tubes have been operated in vacuum in a
previous experiment [110, 111]. We have also conttd prototype low-mass gas and electrical
manifolds in which a fraction of a “vane” moduleshaeen assembled.

9.5 Pad Readout

A significant feature of the straw chamber specetanis the use of pad readout to determine the
coordinate along the straw. This technique has pearnously demonstrated [105]. Straws are
constructed of carbon loaded Kapton, which hawessstivity between 500k and 1 M2 per square. A
resistive cathode allows an electrical signal tenoleiced on copper pads deposited on a thin film of
Kapton placed outside and perpendicular to thevsaissembly. We envision one pad layer on each side
of a three-layer straw plane. Using strips 5 mmenadd interpolating the amplitude of the charge
deposited on these pads, we anticipate a posegwiution of the charge centroid on the anode wfire

<1 mm. In our detector simulations, we used a reégolw= 1.5 mm, which is significantly larger than
what is routinely possible. The development ofgtraw system and its readout electronics requires
significant R&D effort before engineering desigmdsegin.

9.5.1Choice of Straw Resistivity

To determine the axial hit position, the collecéewde charge must be imaged and read from cathode
strips placed perpendicular to the straws. Thevstraust be constructed of resistive material with
reasonably thin walls (~28m). Resistive Kapton can be supplied in thicknegsEs m and with
standard resistivities 0.5 — 1x0L0° Q/square.

We have studied the expected signal from a catpadeaising an equivalent circuit model as shown in
Figure9.9. The model has 640 nodes. The center node, imjected with a current signal having 5 ns
rise and 15 ns fall times. The strip signal is sh@s a function of the cathode resistivity (a 640 k
value of Rcath is equivalent to 1Mper square). The integrated charge on the strips+1, etc. is
consistent with a static image model [112, 113 ] libdlicating that ratio of charge on thetinstrips to
the central charge is approximately 20%. The indwsignal for various values of Rcath is shown in
Figure9.10. We conclude that a cathode resistivity betw®d — 1.0 M per square provides a
sufficiently transparent foil for the straws.

Figure 9.9: Equivalent circuit to study the effect of catlode resistivity on the strip signal.

Figure 9.10: Induced signal on the strips as a function dhe cathode resistivity. A 640 R value of Rcath is equivalent
to 1 MQ per square.



The recharge time following the particle ash assed with the beam microstructure also limits the
straw resistance. This has been studied usingrtigtanodel above. We find that we must ground the
semi-circular region of the straw opposite to thguiction stripes to reduce the total cathode st

If this is not done the straws cannot recover ftbmbeam ash.

The minimum thickness Kapton film made by Du Perd.3 mil(“H” type). The “XC” type of 0.75 mil
thickness can be carbon loaded. It is apparentipossible to manufacture resistive Kapton thinner
than 0.75 mil, however it may be possible to makans from combining an inner layer of “XC” type
Kapton with an outer layer of “H” type Kapton, réswg in a total thickness of 1 mil (2&am).
Mechanical properties of this structure must beistll

The resistivity of standard “XC” Kapton is¥610° ohm/square and costs $3.70 per square foot, with a
minimum order of $3000. To custom produce layer$ @nil thick with lower resistivity, the minimum
order increases to 20,000 square feet. The accofabg resistivity of standard materiaki$ order of
magnitude. The material is 30% more expensivedafdtror in resistivity improved by a factor of 3.

9.6 Drift Gas

9.6.1Electron Drift Properties in the Magnetic Field

Because of the expected rates, and particularlyeitpgired recovery time of the detector after tharh-
ash, we intend to use a fast drift gas such as@B%with 20% isobutane [115]. In addition, we ptan
limit the gas gain to approximately&10. Although this will also limit the spatial resoiom of hits,

our requirements ad= 200um are easily obtained. magnetic fields up to 2 Th#/isobutane have
been studied [108] in the laboratory. At 1 T, thewdnz angle is 45° at 1 keV/cm and20° at 4

keV/cm. The drift velocity in the drift directioravies from 7Qum/ns at 1 keV/cm to 120m/ns at 4
keV/cm. The magnetic field in the MECO detectorioegs constant along magnet axis, 1 T, but the E
field varies as a function of radial distance r. @@ect the drift velocity along the radial directito be
50 um/ns at 1 keV/cm and 11@n/ns at 4 keV/cm.

9.7 Readout Electronics

The MECO electronics system consists of four megonponents: 1) the tracking detector,2) the
calorimeter front-end, 3) the trigger, and 4) tlgadacquisition processors. We discuss only tlokitrg
detector in this section.

The MECO baseline tracking detector is a 2.6 m Jaotagonal cylinder with 8 vanes. The total number
of readout channels (see TaBlé) is approximately 2880 straw anode wires armqm@pmately 16640
analog strips. The straw wires are read at the doeam end of the detector and the strips above and
along each detector vane. All channels will havin&DC and TDC information. Data rates for
acquisition are based on the following assumptions.

1. The singles count rate per straw is 500 kHz duttregdetector-active period (700 ns).



2. The total number of hits during the beam ash ipefsstraw.

3. The position resolution of the straw is 20f for the transverse dimensions, and 1.5 mm for the
parallel dimension.

4. The trigger rate is 1 kHz.

9.7.1DAQ Architecture

In order to develop a readout architecture, onetmage a fundamental choice about the positiomef t
front-end electronics. Obviously placing the elenics in an accessible region outside the detector
vacuum chamber provides the most exibility asldves manual adjustments, replacements, etc.,
without breaking the detector vacuum and remouiegdetector from the solenoid. Additionally,
placing the electronics within the detector voluex@oses these components to radiation damage and
enhances the problem of heat dissipation from lg&renics.

On the other hand, placing most of the electrostrsee distance away from the detector comes with
significant disadvantages, as for example, thetanbal cable volume and expense, the signal
feedthroughs for the approximately 20,000 bipoignals, and the increased noise and signal
degradation. With respect to cable volume, if sigiaae transmitted from the preamps through the
vacuum wall, then a set of ribbon coaxial cablezu&b cm thick surrounding the entire circumference
of the detector are required.

Of course, all electronics must be positioned,affes as possible beyond the turning radius oftedes
of interest. This means that electronic boards rhagilaced radially around the detector at distance
beyond the vanes. Mounting them on the detectqn@tprequires active cooling and somewhat
complicates the mechanical structure.

We choose here to discuss a tracker readout syitsigned to take advantage of modern electronic
design using distributed signal processing [11@]siynals are digitized at the front end, and etbin
digital pipelines for trigger latency. Once a teggs presented, only those channels having signals
above a set threshold are read, stored in butiesthen serially transferred to a data acquisgisiem
outside the vacuum wall. At this point the evemesrabuilt, analyzed, filtered, and finally comradtto
permanent storage.

Suppose an electron track generates 60 electropains. We propose to use a gas gain ®f1 so the
analog signal presented to the anode preamplifiebe/480 fC. We can assume that 10% of this obarg
is collected within the 6 ns which will be requirtedl the signal to reach its peak. We should tredritse
discriminator threshold at approximately 16 fC garEnary electrons expecting a noise levekbf— 2

fC. The total capacitance of the straw is 30 pFthedcharacteristic impedance is 81Thus, we use a
200 series resistor coupled to a 100 transimpedare@amplifier. We expect the discriminator to h&ve

3 ns timing resolution.

The ADC signal on the central strip should integtat approximately 20% of the anode charge. This
results in approximately 96 fC integrated over ppeh70 ns. The ADC signal will be 20 — 100 fC, and
to obtain the axial position resolution the ENCseomust be less than 1 — 2 fC. We then requiré 5 —
bit resolution in amplitude to discriminate agaihsthly ionizing hits.



9.7.2Front End ICs

From particle flux calculations, including a neutneence of % 10™ yr/cn?, we expect that “rad-hard”
production processes will not be necessary. Thu€®Ean use standard CMOS technology.

A block diagram of the front end electronics iswhan Figure9.11. All components are mounted
directly on the support structure of the trackes are actively cooled by chilled coolant owing tingh
pipes attached to this structure. The 4 preampli@is in units of 8 channels each are mounted anto
daughter board that connects with 4 digitizing (Eghannels each) channels to compose a building
block. This board covers 16 cm of readout (32 ck&nof either straws or strips). The 4 buildingdi®
are mounted on a mother board which contains ted lmuffers and local readout control. There are 16
MB per vane reading the strips of one vane andoategonal plane. It requires 3 MB to read the asode

Figure 9.11: Block diagram of the tracker readout architeture.

The front end readout electronics for the stravesuénd strips can be similar. What is needed is a
preamplifier that feeds both a digital and an agalocuit. Of course each type of preamplifier must
appropriately match the two different signal inptatshe output circuitry. The digital circuit coats of

a discriminator providing a fast time signal, ~1 asd then generates a vernier signal based olay de
locked loop which is injected into a clocked pipelimeasuring the time difference between the trigge
and the fast time signal. The analog circuit feedsh ADC which is also clocked into a digital fipe
The ADC provides an integrated time-slice, ~60 mewA coincidence between the signal from a straw
and the strip provides the address of the corm@ledenponents which are to be read for each hitaand
output for that channel is inserted into a locdféruwhen a trigger gate is present.

The pipelines are clocked at frequencies between 2 MHz, and will be about As deep. In order to
obtain more precise timing information, for exami@anake drift time corrections, the vernier allows
interpolation to 1 ns between the clocked intervals note that the drift time in the straws will die
order 50 ns, so one clock pulse will encompassltifietime, and the vernier clock would run at
approximately 60 MHz based on a 64 tap delay loded. Each trigger is numbered and used as a
time stamp (trigger ID) in order to reconstruct éwent, and to provide a local time, modulo 60 ns.
Between micro-spills, the local buffers are flushed

The Anode Preamplifier (AP) IC must match the ingrezk, noise and rate requirements of the anode
wires. It supplies both a fast timing and a shagraglitude signal to the digitizers. Several chips a
available, but a modern design having both timing amplitude signals does not exist. There is some



development work underway for other detectors &anthy be advantageous for MECO to join this
effort. Typical power dissipation is about 10 —r8W/channel.

The Pad Preamplifier IC (PP) is similar to the AR kequires lower noise and must integrate over a
longer time window. Given the pitch of the strigfge channel number in one IC should<@.
Unfortunately there are no ICs which match our gpations. For example, the preamp ICs used for
the PHENIX TEC have similar specifications but haeetiming output. It may be possible to modify
this chip by removing one amplitude output and aga discriminator. However the chip is designed in
0.8 CMOS technology and is no longer supportechbyfdundry.

9.7.3Noise

An induction strip surface area of 0.4 en30 cm = 12 crhoverlays 60 straws, and the strip capacitance
is large, 30 — 75 pF. The count rate on the stgrsbe expressed as

whereNpag andNsyaw are the count rates of the pad strips and strades) respectively, n is the number
of straws covered by one pam,is the width of the pad, aridis the length of the straw. Since one straw
signal will induce charge on ~5 pads, the valublafiis about 200 kHz/pad or 40% N aw

To reduce the noise and improve signal integrity,propose to use a short segment of flexible cable,
driven differentially by the strip and the signabgnd plane. The cable is directly etched ontcsthip
without splicing. It should be no more than 30 ang. The preamplifier (PP as discussed above) feeds
a shielded digitizing circuit on the building blobkard. All signals are low-level, digital and asl
grounds decoupled, and low voltage power isolated.

9.7.4Front End Mother Board

The front end mother board (MB) is the basic readhnck for the electronic system. Held for output
are 128 channels of digitized time and amplitudermation stored in pipeline buffers. The MB feeds
trigger information to the trigger latency buffgyating non-zero channels into storage buffers. Even
data in the storage buffer is zero suppressed. @teygerially read and these data are transmdted t
event-builder buffers outside the detector soleniier processors then reconstruct the evengusie
trigger time stamp. A block schematic of a MB iswh in Figure9.12. The MB is positioned above
each vane and reads a 16 cm length of strip sigrmadsone vane or one octagonal plane. The straw
anodes are read at the downstream end of the delsca total of 3 MB per vane/plane. Each MB
requires a FPGA bus controller to communicate coatrol links to the DAQ processor. All digital
circuits operate on low level signals and are glelto avoid clock and other digital noise. Data is
transferred serially from the MB to the filter pessors either optically or copper wire. The bandwid
required for a plane/vane may be determined usd@gsiraws/plane with an instantaneous straw rate of
7.5% 10° Hz and a trigger gate of 130 ns. Assuming 20@@&i gates/s this results in a data rate of
approximately 10 Mbits/s. This is more than an ofenagnitude lower than the limits of presently
available technology.



Figure 9.12: Schematic diagram of the MB electronics.
All MB on the same octant connect to a Vane Stafioard (VSB) which will fan out the system level
trigger, synchronized clock, command bus, and dstabhe VSB have a FPGA heap manager which is

programmed to get the data from each module adter uppression and put these hits data in a local
readout buffer memory on the MB. Each data strmga&ins a trigger time stamp.

9.7.5Digitization IC

There are several reasons to place the TDC and AdaCthe preamplifiers.
1. The transmission of analog signals over long destans subject to noise and signal degradation.
2. Signal cross-talk can be significant for nearbyrcieds.

3. The number and volume of cable can be difficubhandle and make access to underlying
electronics difficult.

4. Costs can be reduced.

5. Most modern systems use distributed processingigeés.

6. Maintenance and repair is reduced, although adodabe electronics may be reduced.
The Elefant IC designed for BaBar drift chamber7[lli$ suitable for this application. It digitizesth
time and amplitude signals for 8 channels and sttire information in a pipeline clocked at 15 MHz,

and provides the following functions.

1. It provides 2-bit gain selection and continuoushitizes the amplitude waveform for 8 channels
of input.

2. It records the time-of-arrival of a discriminatagrsal for each of the 8 channels with 1 ns time
resolution.

3. It places the data from each channel ing&s Heep storage buffer clocked at 15 MHz.

4. It shifts data packets within a gated time windovah output storage buffer for serial readout.
Unfortunately this IC is designed for 0.8 micron OB technology which is no longer supported.
Unless a foundry can be convinced to reset thedytion equipment for a limited run, the desigf wi
have to be rescaled.

Digitization operates as follows. Time referencedhe last clock pulse is entered into the latdndyer

as a 7 bit number with the 8th bit set to indigate a time measurement. The 6 bit digitized atogk
information in terms of ~66 ns time slices is eatkinto this buffer behind the time word. Here we



expect to window two time slices (clock pulsesaofplitude covering 130 ns. When a trigger gate is
presented the data are read from the trigger lgteuoffers into a read buffer. A time stamp (trigger
number) is attached to each event data packet. BFHEanager checks the time stamp and the self-
trigger marker, only sending data to an outputdrufthich has a valid trigger and which has an ADC
count above a set threshold (zero suppression).

Output from each Elefant IC in one vane can be eotad in series and read via a parallel to seat d
transmission system such as the Texas InstrumBh=IT”. This system is capable of transmitting
over 4 lines 200 Mbits/s, which is well in exce$®or needs.

9.7.6Remote Memory and Event Building

The local memory buffers are flushed into remotenoig buffers placed in VME crates outside the
detector solenoid. Each event is then reconstrumyeassigning one processor in a farm to a padrcul
trigger ID. This event is filtered by this procestmr reconstructability and probability that itudd be
an event of interest. The filtered data set is tmnmitted to permanent storage for off-line analys
Sufficient data is stored, however, to allow a gropackground analysis.

9.7.7Low Voltage Power and Cooling

In a similar readout system (BaBar), the front elettronics expended 5 — 6 kW of low voltage power.
It is possible that if the ICs are redesigned usimoge modern technology the power could be reduced.
However 5 — 6 kw is not large and can be easilyored. We proposed to use chilled coolant, perhaps
in association with the coolant used for the cabeter, to maintain a reasonable and static temyrerat
for the readout electronics.

Low voltage power will be separated into units duimg digital and front end analog ICs. Each board
will use its own low-ripple regulator to provide iDC voltage. This arrangement reduces ground loop
currents and isolates digital noise. Switching posegplies can be used for the digital ICs. The
preamplifiers will use linear regulators to furtmeduce the power noise level down to less than 1
mVPP. We will evaluate the use of ferrite-core icidmces in any power supplies in the cryostat.

We are considering optical links to transfer datéhe Central Memory Farm to reduce noise, busrate
are well within the capability of copper cablewi¢ do this we will require about 16 optical linkerh
the 8 vane/plane units.

9.7.8High Voltage

High voltage will be individually supplied to eaghne and plane (16 separate units). The HV lines
enter the downstream gas manifold and are thente@upply the 180 channels of straw anodes. Each
channel must be fused in order to allow that chbtniee removed in case of a malfunction. We
envision this process occurring by passing a higheat through the fused panel disabling a selected
channel. Readout of a channel must occur throud¥ alocking capacitor. All these components are
within the gas volume contained within the manifditie gas is held at atmospheric pressure so HV
discharge should not present a problem.



We anticipate operational HV of the anode wireahaiut 2000 V to obtain a gas gain of 30*. The

HV current variation between beam ash and dataetitnes may present a problem requiring lowering
the HV during periods of the beam-ash. This issusill under evaluation. HV will be supplied by
commercial units which are computer controlled arahitored.

9.7.9Cable and Connections

Designs for vacuum feedthrough for multi-cable axtions are available from other detectors. Even
transmitting the signals from all channels throsghh a patch panel is possible, though not desirébl
we choose to use fiber optic links for data transgtandard systems are installed at ATLAS, CMS,
BABAR, and ALICE. We could choose to use an oph& to reduce system noise and it would require
a very limited number of cables. Internal cable e shielded and treated as transmission lines, a
the design keeps all cables, including PCB landshast as possible.

Transmission of the signals from the pads to thaf@Rdentified as a major problem. Signals ondhes
lines are small and must cross other lines andreflario reach the preamplifiers. The at panels on

which the lines are etched must be thirga23apton, which means shielding is not possiblé, an
ground planes create large capacitance. Detaigshreh on this problem is needed.

9.7.10Mounting and Servicing

Maintenance of the electronics must be reducedinanmm, as once installed in the vacuum it will not
be easy to access the system. Therefore the desighbe:

» robust and have adequate operational margins fflestiblds, noise limits, and power;
* remotely controlled and have adequate diagnodiicrimation supplied to an operator;
» redundant and sufficiently flexible that channeds e remotely removed without significantly

impairing operations.

9.7.11Calibrations

The line shape of the signal will be measured ftbendecay

The momentum of the electron from this decay ig@ygmately 70 MeV, so the magnetic field of the
solenoid must be sufficiently reduced to make ttajges comparable to a 105 MeV conversion electron
However this calibration will be a powerful chedktloe operation of the detector and will be usethi
final analysis to extract or limit an observed sign

In addition each ADC and TDC channel must be calédat and this calibration maintained during the
experiment. One component of this procedure wal cesmic triggers. However we also anticipate that



we will inject charge into the pad ADCs in orderalgn the gains and maintain the coincidence time.
Absolute gain is not required, but since dataaslreero suppressed, both a channel gain and iptasce
needed (assuming a linear system). The TDC timiiigalso be maintained via pulser as well as cosmic
rays.

9.8 Research and Development

The tracker requires completion of several R&D paogs which will then lead to a full engineering
design. Problems represented by these programsimsyme cases, be solved by adapting existing
methods to our applications, and some may invohhg computer simulation rather than hardware
development. The goals and expected results of gagmam are given in the paragraphs below.

9.8.1Cathode Resistivity

This is a study of the electrical characteristitarmde and pad signals in order to optimize the
resistivity of the cathode and to study the timmactire and amplitude of the signals from the areu
pads.

To determine the axial hit position, the collectéegsbde charge must be imaged and read from cathode
strips placed perpendicular to the straws. Thevstraust be constructed of resistive material with
reasonably thin walls, ~28m. Resistive Kapton can be supplied in thicknezd&sum and with

standard resistivities 0.5 — 1.0(Msquare.

The recharge time following the ash associated thighmicrostructure in the beam seems to be thé mos
critical factor in the total straw resistance.nétaverage number of hits in a straw associatdudti

ash in a single micropulsesarb, the voltage drop would be of order 0.1 V, asswngjain of 5x 1¢%,

~60 drift electrons and a capacitance of aboutRR0rpe voltage fluctuations would be of order 0.if V
we had an RC time equal to the micro-pulse spadWgycan allow a voltage fluctuation of 10 — 100
times that, so the recharge time should be 15 +&50nplying a resistance of not more than 0.5G.M
That clearly cannot be achieved with a surfacestiedty of greater than 100C¥/square, and a wire or
conducting paint stripe on the straw will almostamly be required.

The choice of resistivity also effects the induseghal size, shape, and spatial distribution ornptuts,
and these effect resolution, timing, pulse-paiasapon, and noise, which needs to be studied.

The relevant R&D questions are:

1. For our straw lengths and hit rates, what is thexa resistivity? Can straws be constructed to
reproduce the optimum value?

2. With respect to the above, can one wirkl200 cm straw of thickness ~2n consisting of one
layer of thin, non-conducting material over a regeslayer of Kapton? What would be the
mechanical and electrical properties of the straw?



3. Through the use of external wires and/or conductigigesives can the total resistance of the
long straws be reduced with respect to that ofrplsi wound straw with the desired surface
resistivity?

4. Can atransient circuit model be constructed tdyshy computer simulation the electrical
characteristics of the resistive straw and strguoait?

9.8.2Dirift Gas

This study will result in the selection of the tdgis and gas pressure which we would use in thest
In addition, it would provide the parameters omwfli@ates, and stability, allowing the engineeringide
of the gas distribution system. Because of the kigbles rates we expect to run the straws at low
voltage gain and with high drift velocity. This cka accomplished by lower HV settings, choice dft dr
gas, and/or gas pressure. In addition the drifé tmust fit the clock frequency of the digitizingslCThe
relevant R&D questions are:

1. Approximately what gas gain should be used?

2. At what pressure should we run the chambers? Lovessure will yield a higher gain for a
given voltage, but there will be fewer primary ipaiion sites and hence worse resolution.

3. What drift velocity is optimal for our geometry?
4. What drift gases can be used? If mixtures are wrehow will the gas ratios be maintained?
What gas pressure will be used? What gain and Issgnglitudes for the straws and strips will

result?

5. When the magnetic field is present how does the\driocity, signal stability, and pulse height
change?

6. In the magnetic field what will be the equal-timentours for closest distance of approach to a
wire?

7. What gas flow is appropriate?

8. What controls and precision must be implemented?

9.8.3Cross-Talk Between Straws

This is a study of the noise and signal crossitalkiced on neighboring channels of pad readout.
Because the straws are made of resistive mathaanode charge will image on all neighboring
conductors. The goal is to determine the sevefitiiie problem and to identify ways to avoid it or
reduce its effects to an acceptable level. Theystilll result in a design of the pad strips, shied
grounding, and readout electronics which can pmwadull scale operating system. The relevant R&D
guestions are:

1. What electrical effects will neighboring straws Baon themselves and on the strips?



8.

9.

Do we need to implement ground shields in the spackage? Should we consider making the
inner straw of the 3-straw package out of condgatimaterial? What effect will this have on the
electrical characteristics of the readout?

What integration constants provide acceptable signaoise for the straw electronics?

What layout geometry is optimal for the straw/pgstem?

What governs circuit stability/noise, shielding?

Can we preferentially select minimum ionizing tra¢ckrough the straws and pads by pulse
height analysis?

What time and pulse height resolutions can be pbtk
How will the strip/transmission line/circuit be dgsed to minimize noise and dispersion?

What pulse height/linearity/resolution is observed?

10.How will the strip foils be mounted? With what pison?

11.Should we consider placing the strips at stereteangith respect to the straws to reduce noise

and help identify track coordinates? If so, whairgetry is optimal?

9.8.4Mechanical Considerations

This study will determine the mechanical constmaiot an engineering design of the tracker and its
support structure. There are several items thatireqvestigation. The gas manifolds must supfiat
tracker at the ends, maintain straw alignmentritiste the gas without leaks, enclose the HV
distribution and signal distributions. The stramw&s/planes must remain straight and maintain
alignment under pressure and temperature changeauBe the straws are operated in vacuum, signal
and power connections must be made from the exterite vacuum volume and from the vacuum
volume into the gas manifold, where we assume telidtribution and signal connections will be
made. Further, we will need to implement a systemdlate broken wires so that an access will ot b
required when a wire breaks. The relevant R&D qasestare:

1.

What is the mechanical stability of a straw pack@gavitational bending, thermal expansion,
pressure loading, etc.)?

How will the straws be mounted to the manifolds?aiMk the gas manifold design? What
design/material, etc. minimizes the impact on theking system?

What type of wire supports inside the straws wallieeded? How would they be installed? How
would they effect the performance of the tracker?

How will the tracking planes and vanes be mechdlgiocaounted and aligned? With what
precision?



5. How will gas be supplied/sealed ? What end fixtuneshe straws will be used? How will the
straws be attached to the end caps? Will somebfestructure be needed to allow for changes
in length due to pressure/temperature, etc. ?

6. How will HV be brought into the gas manifold anethdistributed to the individual wires?

7. How will we implement a fused system to remove Hahi straws with broken wires?

8. How do we get low voltage signals out of the gasifoéd? How small can a HV blocking
capacitor array be constructed for this purpose?

9. Can some non-linear resistive device (active osipa} be constructed to current limit the HV

supplied to the straws in order to protect theesyshagainst the beam ash?

9.8.5Electronics

The readout electronics for the straws is intertda@sult in robust operation that is reliable and
efficient. Considerations of noise, feedback ara#ymp on the pad strips or anodes will affect theigre
choices. The large number of channels also hasdatjins for the electronics location. Operation of
electronics in vacuum also has cooling implicatiortse goal of this study is to determine the nemgss
parameters to complete an engineering design éorghdout and operation of the tracking detectoe. T
relevant R&D questions are:

1. What is an appropriate design for the preamp feratiode wires and for the strips? Can existing
designs matching our requirements for channel pgam, stability, impedance, power
consumption, shaping time, etc, be adapted fousea?

2. Can we implement the BABAR Elefant digitizing IC®WM do we obtain these components?

3. Can the system outlined in TDR be engineered imoiking system? What would it cost and
how long would it take?

4. How much low voltage power is required for the trend electronics?

5. How will we supply the required low voltage poweminimize noise, cross talk and ground
loops?

6. How much heat is created and how will it be disga

7. How will this readout system be integrated into st of the DAQ?

9.8.6Cabling and Installation

Electrical connections have been previously disetdisgth respect to the feed-throughs at the vacuum-
solenoid interface and the gas manifold-vacuunriate. There remains the problem of connecting the
signal cables to the preamps and the low voltabgkesdo the front end boards. The detector cabling



must be designed to allow the detector to be rechéneen the solenoid while still cabled as theradas

way to access the tracker when it is insertedigirttagnet. This study would result in an enginegrin

design for cable routing, mechanical support, dtatlhment to the electronics and feedthroughs.
1. What type of cable will be used?

2. How will the cable be shielded?

3. How will the cables be supported and strain-religve

9.8.7 Specific Proposals for R&D Programs

In Table9.6 we list a number of specific R&D studies whieifi answer questions raised earlier.

Table 9.6: Proposals for R&D programs.

Focused R&D Task Goal

Construction of Short StraywPad and Anode readout Tests; Pad

Prototypes(resistive) Noise/Cross Talk abatement and
Shielding

Full vane prototype Mechanical Stability tests;

(conducting) Mounting Considerations and
Assembly; Wire Supports

Manifold Design Material Budget Studies; Fusing

and Capacitive Decoupling; Gas
Sealing and Electrical Feedthrough

Resistive straw Optimization of Resistivity
Pre-production Prototype | Full Pre-production Test
Plane

Thin conducting straws Development of Thin Wall

Resistive Straws; Gas Integrity
and Mechanical Stability
Front-End Electronic Specification of Preamp
Studies Parameters

Mechanical Support of the| Engineering Design of the Tracker
Tracker Support Structure




Chapter 10 Electron Calorimeter

10.10verview

The principal conclusion of the background studiethe MECO Physics Proposal is that electrons from
muon decay in orbit are the dominant source of ¢amknd, as in earlier experiments. In the free geca
of a muon at rest to an electron and two neutritieselectron's energy is at most half the muon res
energy, but in the decay of a bound muon the engpgyoaches that of the conversion electrdi®5

MeV, when the two neutrinos carry away little energ this limit, the electron recoils only agairise
nucleus, mimicking the two body process that digtishes muon to electron conversion. The spectrum
falls rapidly near the kinematic limit, aB.(ax— E)°. To eliminate the background from muon decay in
orbit, good resolution in the measurement of tieetebn's energy is required. If the resolution is
Gaussian with sufficiently small _, the measuregcspim near the endpoint is given by

Emax Emax

where CB.4x 10'° MeV° [44].

The signal is searched for above a threshold ¢to#ige endpoint. IA is the threshold energy measured
from the endpoint, the background in this region is

Em ax

The last integral, 1, is dimensionless and onlyraction ofA =¢ ; | is fixed once the efficiency is
specified; e.g., I(-2) = 1251.0, 1(0) = 18.8, 12P.03, etc. The strong sixth power dependencéen t
resolution in this equation dictates many of thpezimental considerations. The resolution in the
tracker must be below 1 MeV to reach the sensptstught in MECO. For example, the above equation
implies that with _ = 0.4 MeV and a threshé&g., i.e.,A = 0, the background level is310* and the
efficiency is 50%. If the energy resolution in thigger calorimeter is halved, the trigger rate &ndl

data sample size are reduced by a factor of 6 B/KleV resolution and as2threshold, 95 MeV, the
data sample size in a19run is

The calorimeter provides the trigger for the expent. A low threshold leads to many more false
triggers in the data sample that must be recortsywithout error, in the tracker. The additional
triggers indeed come from lower energy electromswhich the probability of confusion with an 105
MeV electron is small, but the number is much greahere are 1000 times as many decay electrons in
the 85 — 95 MeV region as there are above 95 Miedsb provides additional meaningful constraints
on the event, ones that help directly with patteognition and lend credibility to any signal obé&

from the tracker. The energy resolution can beebétian 5% and an energy correlated/(2)

coordinate on the trajectory can be determineddmXrms). The event topology and the high crystal



density makes possible a large acceptance for csioveelectrons, 80%, while the azimuthal
acceptance for neutrals is just 14%, reducingabefrom gammas and neutrons that reach the detecto
directly from the muon target. Most of these arsaabed harmlessly in the front face of the detector
which can be shielded with material that is nathi@ path of the electron.

10.2Description and Crystal Selection

The proposed detector geometry uses vanes as MERO tracking detector, but differs in that each
vane is a high density bar that functions as d &litsorption calorimeter. Detectors with 4 and &ba
have been studied. In the 4 bar arrangement, showigure10.2, the bars are separated by 80
azimuth, located at 3, 6, 9, and 12 o'clock. Eanhelstends radially from= 39 cm tar = 69 cm and

150 cm along the axis of the solenadxis. The bar height, typically 12 — 16 cm, deeod the
calorimeter material. Electrons strike one butlmath of the 150 crx 30 cm surfaces and are absorbed
in the 12 — 16 cm thick calorimeter. The geometoyks best for detectors with short radiation length
as shown in Fig 10.1; twelve radiation length BG¢stals withX, = 1.1 cm, or lead tungstate crystals,
Xo = 0.89 cm, are the most attractive choices geacadlyr. Table10.2 gives the properties of a variety
of crystals that have some appeal for use in higiigy experiments.

Crystals made from GSO or LSO, although not qustdense, are more suited to our application in
other respects and would be the better choicelihefrom these crystals has shorter decay timarby
order of magnitude, is 2 — 3 times greater tharigie from BGO, and at least 30 times greater than
that from PbWQ. The use of these crystals would result in comaialg better resolution, but inquiries
into obtaining GSO, for example, have led to thecbasion that the cost is far too high and a sutista
production run to make the required number of algst currently unlikely.

Two crystals with substantial light output and siale fast components are Gefd pure Csl. The light
output of cesium iodide has a substantigslcomponent that would probably have to be filtevedin
this high rate application [118], and the radiatiemgth is 1.86 cm, considerably longer than tliat o
BGO, which makes it unattractive in the proposeahgetry. There is no slow component in the light
output from Cek;, making it an attractive choice in this respelthaugh its density is lower than might
be preferred in this application. Gegfystals 20 cm in length have been grown, sufficfer this
application, but only in experimental condition®rSiderable R&D would be required to produce
quality crystals on a regular basis in a productiom™.

Figure 10.1: Acceptance vs. Crystal Length. Dense crystadse favored. Eleven radiation lengths is 9.8 cm d?bWO,,
and 20.5 cm of Csl.

The original study of a crystal calorimeter in tfeometry just described [119] was motivated by the
rapid progress made by the CMS Collaboration aatt thdustrial partners in developing lead tungstat
scintillating crystals for use at the LHC. The sitliation light from PbWQ has a decay time of less
than 15 ns. The study at that time suggested haweatthe light output of the PbW®@rystal, 15

times less than BGO, precluded its use at low gndiige use of PbWQwas re-examined subsequently
and, with cooling and multi-APD readout, emergea agmble candidate.

Lead scintillating-fiber calorimeters can also Isediin this geometry and provide a solution
intermediate between a cylindrical scintillatiortetztor [120], in which the energy loss is spreadrav

large region, and the preferred crystal calorimef#ion. An energy resolution of 4.4% E(GeV) and



a time resolution of 34 ps’/E were achieved in KLOE prototypes that match owngetry [121] fairly
well. The radiation length of 1.6 cm would requags thicker than the 12 cm required with the dense
crystals.

! Fang Xualang, Shanghai Institute of Ceramics gte\communication)

Figure 10.2: Proposed crystal calorimeter. (a) Four barsansisting of crystals 3 cnx 3 cm on a side and 12 cm in
depth extend fromz=8 mtoz= 9.5 m. (b) View looking along the-axis from the muon target showing the tracking
detector upstream of the calorimeter and a typicall05 MeV electron (circle).

The use of BGO with PIN photodiode readout wasudised in the proposal to the NSF [92]. Results for
GSO, BGO and PbWfusing APD readout were studied subsequently [kRd]manner that is easily
extrapolated to other crystals. In this technieplart results are presented for three crystals, @hW

BGO and GSO. Our investigations with potential vaasdndicate that among these Pby\&bd BGO

can be made in the needed quantity at an accemasiePure Csl remains a candidate also. The
calculations in this note are easily extrapolate@$l.

It is assumed that the calorimeter is made frorstaty of 3x 3 cnf lateral dimension and 11 radiation
lengths long. In a 158 30 cnf bar there are 500 crystals; 2000 total for thedgeometry. A
calorimeter made from % 4 cnf crystals with bar size 14432 cnf would meet the needs of the
experiment. The channel count is 1152, and theafdsie photodetectors and readout electronics is
40% less. Various lengths of crystals also have lséedied. Detectors of 12.5 radiation lengths give
small improvement in resolution; no further improent is obtained with 14.5 radiation length
detectors and some fall-off in efficiency is obshbecause of electrons striking the sides of #ns.b

Table 10.1: Properties of Scintillating Crystals. Measurd light yields vary greatly depending on dopant cooentration,
crystal quality, and the accuracy of corrections folight collection efficiency and detector quantumefficiency.
Consistent comparisons to the literature for GSO, BO, and PbWOQ, are achieved if the relative yields in the tablera
normalized to ~5x 10" photons/MeV for Nal(Tl).

Crystal GSO | BGO| CWO| CeR [ BaF2| PbWQ,| Csl | Csl | LSO Nal
(Ce) (T (T

Density (gm/cm) | 6.71 | 7.13] 7.90] 6.16 4.89 8.28 453 453 7.40 3|67

Rad. Length (cm)| 1.38] 1.11 1.06 1.68 206 0.89 1.86.86 | 1.14 | 2.6

Decay Cons. (ns)

fast 30-60| 300| 5000 8 0.6 <15 10 12 230
slow 600 20 | 620 100| 10001000 47

Light Yield (rel)

fast 20 10 | 30-40 4 5 0.7 4 ? 100
slow 2 4 16 0.007 4 80 50-7%

Peaki

fast 430 480, 480 300 210 440 305 420,46@15
slow 430 340, 310 560 560 420,460
Temp. -1.6 0.14| -2/0 -2 ~0
Coeff. %=C

Rad Hard. (rad) >0 | 100°° 107" ] 10°77 10




10.2.1Lead Tungstate Crystal Measurements

Lead tungstate provides the high density and fgaasrequired in this application and at low cdmstt
the light output is small and considerable caré balrequired to keep electronic noise from doninat
the resolution. Substantial progress in the devety of these crystals has been made in the last fe
years. To begin the process of crystal selectimtugsions with the manufacturers of this crysiare
initiated and ten 3 crm 3 cmx 14 cm crystals were purchased from the Bogorodiesthnochemical
Plant in Russia. Measurements of the properti¢seofen crystals received were made at BNlhe
transmissivity of the crystal along its long axiasameasured using a variable light source asraitest
in Figurel0.3.

The results of measurements on five of the tentaly/sre superimposed in the plot of Figléed. The
remaining five crystals give identical plots. Refien off the first surface and repeated reflectioff

the second limit the transmission at long wavelerigtwhere the index of refraction= 2.16 at 632 nm
is used. From Figur#0.4, the measured value at this wavelength is3)which corresponds to an
index 2.20 if there is no absorption. In the visibégion 400 — 700 nm, the dispersion is normal; th
index of refraction increases with decreasing weavgth, reducing the transmission through the crysta
even if the absorption is small. In optical glassles index increases by approximately 1% betwé¢n 4
— 700 nm. Ignoring this effect, and attributing theasured 5.4% decrease in transmission from 630 nm
to 400 nm entirely to absorption in the crystdiwer limit of 2.6 m is obtained for the absorption
length at 400 nm. This distance is 19 times grehtar the crystal length. At an exposure of 500y§ra
considerably greater than the level expected ireperiment (see below), the absorption length shou
still be greater than 1.2 m, 8-10 times the crylstadth.

2 A.N. Annenkov (private communication), The Bogdtskl Technochemical Plant, Bogoroditsk,
Russia. F. Xualang (private communication), Shanlytstitute of Ceramics.

% We thank C. Woody and S. Stoll of BNL for makihgs$e measurement on the crystals received from
the Bogoroditsk Plant.

Figure 10.3: Measurement of transmission as a function aefavelength; results in Figurel0.4.

The slope of the rise in the approximately linesggion between 340 nm and 370 nm has been correlated
with the radiation hardness of the crystal [123): the longer CMS crystals, those with slopes of

greater than 1.5%/nm, the light loss is less tiéra@er exposure to low level radiation (1.5 Greotsl

at 0.15 Grays per hr), while for crystals with sieaslopes the degradation in light output is tgflic4

— 5 times larger. The steep slope of the rise guilei10.4 2.6%/nm, is a good sign in this regard.

In Figurel0.5 the light output, in photoelectrons/MeV, isasgred as a function of position along the
crystal with a*’Cs source. A pre-calibrated Hamamatsu R2059 phdtimiier tube that covers the end
of the crystal is used in the measurement. Theceagrmoved along the 14 cm long crystal and
measurements are made at 2, 4, 7, 10, and 12 auriformity, (max _ min)=min, averages 3.4% for
ten crystals and varies from 1.8% (best) to 4.8%r$t). The light yield is approximately 15
photoelectrons/MeV. The plot also shows the supégyiof Tyvek to Teon wrapping for collecting the
light. The measured spectrum of the 0.66 MeV ffdf@s, seen in Figure0.6, shows a peak 258 ADC
counts above the pedestal and a FWHM of 76 chancaidirming the phototube calibration.



Figure 10.4: PbWO, crystals, 3x 3 x 14 cnt. Measured transmission, 5 crystals obtained from @goroditsk
Technochemical Plant, Russia.

10.3Acceptance, Coordinate Resolution, Shower Containmé

The four vane geometry was studied using a full GEAimulation of the detector. Electrons of 105
MeV were generated in the aluminum target and tralseugh the tracking detector to the electron
calorimeter, which extends 8 — 9.5 m from the ehith® muon target. Only ‘good’ electrons, those
producing quality tracks in the tracking detectoere retained for the calorimeter study. In Figure
10.7(a), the efficiency of the detector is plotssda function of the threshold imposed on the
reconstructed energy. In the studies, electrona@repted only if they strike the 30150 cnf electron
sensitive surface (ESS). A high energy threshohdbmaimposed using the crystal calorimeter,
eliminating the need to track low energy electrfsosn muon decay in orbit (DIO). Figud®.7(b)
shows the rapid fall off of the geometrical acceptawith decreasing electron energy, required tadav
the huge flux of decay electrons below 52.8 MeV.

Figure 10.5: PbWO, crystal grease coupled to 2 in photomultiplier tule. Measured light output as a function of*'Cs
source position along crystal. Uniformity, (max — nm)=min, averages 3.4% for ten crystals and variehom 1.8%
(best) to 4.8% (worst).

In Figure10.8(a), the energy reconstructed in the calorimsteompared to the energy of the electron
leaving the tracker. The difference is plottedtfoe electrons that strike the calorimeter on th& Ehe
low energy tail in this plot comes mostly from hitsar the edges of the vane. The angle between the
electron's trajectory and tlzeaxis, shown in Figur&0.9, is typically 55 degrees, implying that the
electron encounters on average 19.2 radiation terigtan 1X, thick detector.

Figure 10.6: Measured light output spectrum using®'Cs source at far end of PboWQcrystal. Signal represents fifteen
photoelectrons/MeV into Hamamatsu 2 in R2059 photomitiplier tube.

The crystal calorimeter geometry permits the retranson of three independent coordinates of the
particle position. To estimate the detector coatiresolution, the cell energies obtained from a
GEANT simulation were projected onto the radiabry, andz axes. An energy weighted sum of the
coordinates of the centers of the struck cells ugsl to estimate the impact coordinate of the et
the surface of the calorimeter. Figui@8(b) shows the difference between the real aodnstructed z-
coordinate, plotted in 0.5 cm bins, in a crystdbameter with 3 cnx 3 cm elements. The rms
resolution in the radial coordinate is worse beeaxfsshower leakage from hits near the edges dbdhe
which is not as significant in the measurementefzcoordinate. The resolution in the radial
coordinate can be improved using the shower prdfiis clear that this well measured position,
correlated with the energy deposition in the trigggorimeter, provides a valuable constraint an th
event.

Figure 10.7: (a) Reconstruction efficiency of the crystatalorimeter. A higher threshold means fewer events
reconstructed in tracking system. (b) Fall-off in gometrical acceptance with decreasing electron ergr required to
reduce triggers from decay electrons.

10.4Energy Resolution



The location of the trigger calorimeter in a 1 Tgnetic field and the severe time constraint impdsed
the beam microstructure provide the major challerigenbtaining good energy resolution in the
calorimeter. The 1 T field makes it difficult tdkeaadvantage of the broad bandwidth, high gainlewd
noise of photomultiplier tubes in this applicatidm overcome the magnetic field problem, many
experiments have turned to sensing the light frieencrystal using photodiodes, sometimes coupled in
creative fashion to the crystal [124]. The highmjuan efficiency of these devices and the stability
achieved when coupled to a charge sensitive araplfie advantages not shared by photomultiplier
tubes. The down side is that in sensing and amipgjfihe diode photocurrent electronic noise is
introduced, due primarily to the thermal noise agged with the channel resistance of the fielé@ff
transistor commonly used at the input stage ofthplifier. This series noise is largest when time
constraints force short shaping times in the anepliilter network, and it adds to the fluctuatianghe
diode dark current to produce an energy independentibution to the resolution that becomes
particularly important at low energy.

Figure 10.8: (a) Energy deposited in the crystal calorimetr from a GEANT simulation; bin size is 1 MeV. Difference
between incident and deposited energy. (b) Differee between the reconstructed coordinate in calorinber and the
electron coordinate at impact in thez-axis; bin size is 0.5 cm.

Figure 10.9: (a) Number of cells ingre event with energy deposition greater than 1 MeV b)Angle in degrees between
the electron direction and thez-axis.

Despite these drawbacks, great progress has bedmnmezently in using crystal calorimeters at low
energy. The development of large area photodiodigslarge depletion depths, and therefore small
capacitance, has been important in improving theadito-noise ratio at low energy [125, 126].
Avalanche photodiodes (APD's), typically with gagi00 — 100, can be used to reduce the series
noise or to achieve smaller shaping times.

The energy spectrum shown in Figd&@&8 has a full width at half maximum of 4 MeV atbw energy
tail from energy leakage, particularly for hits nd#e radial edge of the detector. To this widthstrhe
added the contributions from other sources. Thelugsn is usually described by the quadrature sim
three contributions:

The first term is the contribution from electromigise and the second is due to photon statigties.
third term, proportional to the energy E, includeseral effects: intercalibration errors, non-umifo
light collection over the crystal, fluctuations dieenergy leakage, and, if not monitored effedyive
with time, collective temperature and gain drifemetimes a fourth empirically observed term is
included, proportional to® and of order 1%.

10.4.1Electronic Noise

The first term in the expression f&(E) is often most difficult to limit at low energyhen using
photodiodes. The quantity A, in the equation ab@vealled the equivalent noise energy and is ke r
of the equivalent noise charge, expressed in ohitse electron's charge, to the light collectednL
photoelectrons per MeV. Figui®.10 shows the equivalent circuit used in thidyamimsto calculate the
noise level from an APD connected to a GSO, BGBNG, crystal.



The current;), is the signal current after amplification by tHepodiode gaitM and gis the noise
associated with the series resistance of the deqeessed in units volts/pHz. The rms fluctuation
the dark current of the photodiogewith surfacds and bulkl, contributions, is

in units of amperes/Hz . The symbokF is the excess noise factor,

that originates from fluctuations in the gain Mdaaiso results in an increase in the photostaais¢icor

whereN, is the number of electron-hole pairs generatetierdiode. The diode capacitancgdadd the
FET input capacitance; @re also shown, as well as the thermal noise iboiton from the FET
channel resistancg.eTablel0.2 summarizes the values of the parameters ngbeé present exercise.
They are very device dependent. The APD propeusesl are those measured by the CMS
Collaboration [127] on 50 diodes provided by Hamtema

Figure 10.10: Equivalent circuit used in simulation of eletronic noise.

The equivalent noise energy is obtained by settiegsignal equal to the rms noise voltage,

tmax

where F{qay IS the response of the circuit to the input fribra scintillator at its maximum, the time it is
samplednax The decay time of the scintillator is includedHft) as a single exponential, with the time
constants for the three crystals listed in Tdlile2 The total charge Q is

The result is
p

In this equation, the times and 7, are obtained from the filter transfer functiormdy¢(hrough the series
and parallel noise integrals

P

Table 10.2: Parameters used in calculation of the electnic noise with Avalanche photodiodes. Note that thEET
made by Philips is being used by the ALICE Collabaation. An equivalent noise charge of 1330 electrorisr a
detector (APD) capacitance of 70 pf and 100 nsece to the peak of the signal is required to get d8NE of 1.9 MeV
with (cooled) lead tungstate. This is achievable ia number of ways. The choice given in this tableesves only as an
existence proof.



Parameter Device Value Reference
en(nV=+Hz) BF861A 1.0 Philips
Cgs (pf) BF861A <10 Philips
Cq (pf) Hamamatsu APD 70 pfV =330V Hamamatsu
Ip (namps) Hamamatsu AP[0.2 nampdM = 50 | Patel et al. [127
Rs APD 3 ohms Hamamatsu
Excess Nois& APD 2.0 Patel et al. [127]
Diode Area APD 0.25 cf Hamamatsu
L e's/(MeV - diode (see text)
GSO 83
BGO 42
PbWQ, (cooled) 7
Scint. Decay (nseq) see Table 10.2
GSO 60
BGO 300
PbWQ, 15

And

In the equivalent noise energyM is approximately independent . The equation indicates that the
ENE coming from the series noise (the first tersmeduced by a factor & compared to a PIN diode
of similar properties. This is not surprising besathe noise source is the FET channel resistitee
the APD.

Table10.41 shows the parameters used in a previous studB&@ calorimeter for MECO [92] and
includes the properties of a PIN diode made by Haatau and used by BABAR in their Csl crystal
calorimeter. The area of the diode is 8 times latigan the area of the APD considered here (the APD
expected to be used in the CMS Pby¥alorimeter) and of comparable capacitance. Assgitiie light
collected scales as the diode area, the series oomribution to the ENE scales ablL/and is ~6
times smaller with the APD for fixed. The cost of the APD's are approximately half tfahe PIN
diodes. At fixed cost, the series noise contributtan be reduced further by using two APD's. Usieg
PIN diode dark current in Tabl.4.1, the parallel noise per diode for the APR.&times larger. The
resolution using 2 PIN diodes with a BGO crystal anRC = 300 nsec gets contributions 1.3
MeV/crystal, 0.42 MeV, and 1.7 MeV from electronigise, photostatistics, and shower fluctuations,
respectively. Summing the noise from nine crysta¢sexpected resolution, exclusive of pileup, & 4.
MeV. The signal reaches its maximum at 900 nseth B0, 4 APD's, an®C = 100 nsec the
resolution is 3.0 MeV, see Tall€.4.1. The signal peaks at 400 nsec. Thus it apfialy that both
the resolution and shaping time can be reducedyuUsiD's.

Table 10.3: Parameters used in calculation of the electnic noise with PIN photodiode. Product specificatins for
Hamamatsu photodiodes obtained through “Silicon Phimdiodes and Charge Sensitive Amplifiers for Scinliation
Counting and High Energy Physics”, Hamamatsu Catalg, 1997.

Parameter Device Value Reference
e, ("V=+/Hz) BF861A 1.0 Philips
Cys (pf) BF816A 10 Philips




Cq (pf) PD:S2744-08 85 pflr =70V | Hamamatsu
l4 (hnamps) PD:S27744-08 namps/g = 70 V | Hamamatsu
L (pe/MeV) ——= 370/diode (see text
Scint. Decay (nseq) ——= 300 ns [128]

Figure10.15 through Figur&0.18 show the equivalent noise energy and the @mrdleV) resulting
from fluctuations in the number of electron-holérpanade in the APD for each of the four conditions
shown: (1) GSO read out by 4 APD'S; (2) BGO witARD's; (3) PboWQwith 4 APD's and with crystal
and diodes cooled to -20 C; and (4), for purpose®mparison, PbW©with the crystal but not the
diodes cooled to -20 C. The contributions to trs®hation from these two sources are plotted as a
function of the RC time constant for a CR — (Rfiljer. The parameters given in TaHle.2 are used in
the calculation. The rise in the equivalent noisergy at small times is due to the series noiséewhi
parallel noise gives rise to the increase at laeees of the shaping time. The photostatisticarer
includes the effect of the excess noise factorthadoss in signal for shaping times short compaoed
the time over which the light is collected. Thistléactor depends on the deviation df k&) from its
value when the APD current produced by the lightrse is an impulse.

The output voltage of the filter rises to a maximia(tn.) Q/Cs att = tmax WhereQ/C; is the output
voltage of the preamplifier with feedback capaa@®@; . If the duration of the input current pulse from
the diode is short compared to RE€time constant of the filteF(tmay IS independent of the time
constant. The responsetf) is plotted vs. th&®Ctime constant in the lower left plot for each loé t
four conditions specified above. The lower righdtpé the pileup integral in nanoseconds.

The results of the resolution calculations are sanwead in Tablel0.4.1 and Figur@0.11, and in
Figure10.19 and Figur&0.20. Columns 4 and 5 give the contributions erdésolution from
photostatistics and electronic noise, respectivfelythe conditions specified in the first threduons.
GSO gives the best resolution — 2.0 MeV withRtime constant of 50 nsec. The signal reaches
maximum atyax= 157 nsec.

Figure 10.11: Measured electron energy minus the incidemnergy. Shower fluctuations (GEANT), pileup, and
electronic noise are included for the GSO crystal.

For PbWQ, cooling to — 20 C increases the light from the crystal by 2.3 tane decreases the bulk
leakage current substantially. The current aris@® thermally generated carriers and is strongly
temperature dependemg:0 (kT % +#*D whenkT is expressed in electron volts.

10.4.2Light Collection

The equivalent noise energy is inversely propodida the collected light and the photostatistical

error decreases according ta/L/. The value of. given in the table was estimated as follows. A kdon
Carlo simulation was made of the light collectioonfi a polished, unwrapped 3 en8 cnx12 cm

crystal with index of refraction 2.15, coupled aecend to a detector of refractive index 1.5. Tiet |
passing through the detector face originating feosource at the far end is 22.5% of the total. mkan
distance traveled by the light is 20.4 cm, far kbss the attenuation length above 400 nm of artijef
crystals considered [129]. This collection improw@28.4% if the end opposite the detector is made
reective. It is well known that the light colleatiamproves substantially if the crystal is wrappath a
white, diffuse-reflecting material, e.g., TyvekTeon [130]. Precisely the right measurement wasemad



in reference [131] for us to complete the calcolatiThe light collection from a wrapped BGO crystal
was compared to that from a bare, polished crystal.

Table 10.4: Comparison of resolutions obtained with GSOBGO, and PbWQ, crystals with avalanche photodiode
readout. Total resolution is obtained summing elecbnic noise from 9 cells. The contribution from shaver
fluctuations is obtained from a fit to the high enegy side of the distribution, see Figurel0.11, that ignores the low
energy tail. Pileup noise is not included (see toxt

Crystal # RC OPE Oel Pileup Otot tmax | F(tmax)
(pe/MeV) APD's | (ns) | (MeV) | (MeV) | mew(ns)| (MeV) | (ns) | Fo(tmax)
(%)
GSO 2 100 1.1 0.30 273 266 92
166 2 50 1.2 0.33 150 2.3 157 78
GSO 4 100 0.79 0.20 273 266 92
332 4 50 0.85 0.23 150 2.0 157 78
BGO 2 100 2.1 0.95 453 3.9 400 55
83 2 300 1.7 0.95 900 900 83
BGO 4 100 1.45 0.70 453 3.0 400 55
166 4 300 1.18 0.68 900 900 83
PbWQ, 4 50 4.05 5.3 143 16.5 11y 98
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PbWQ, 4 50 2.7 1.9 143 117 98
(=20° C) 28 4 100 2.7 1.3 255 5.0 216 100

A 30% improvement was found if the far end was eahjn agreement with the result given above, and
an 85% increase in the light collected was fourtiefentire crystal was wrapped. Using this reselt
calculate the light yield L of the wrapped crystal:

where the last two numbers in the second linetedractional area covered by the diode (0.25 pen
APD) and its quantum efficiency.

For BGO the number calculated is somewhat lessrbarbers reported in the literature: 850 e-h
pairs/MeV obtained in reference [132] with a 4.4%/@.0 cmx 15 cm crystal and diodes covering a
third of the face area, and 1200 e-h pairs/MeV iabtain reference [129] in which 0.36 of the endof

2.5 cmx 2.5 cmx 18 cm crystal was covered.

For PbWQ the result agrees with the 3 e-h pairs/(MeV-dian®pined by the CMS Collaboration at 20
°C. Cooling to —20C improves the light output by 2.3 [133].

Notice that the wrapping makes the choice of d&ide more complicated (pleasantly so) because light
that misses the diode can be reflected away andhréd strike the diode on another try (see refegen
[132]). The capacitance and therefore the noisegehia reduced if a diode of smaller area can led.us



An alternative approach to the light collectionasattach a wavelength-shifting (WS) plate of tame
area as the crystal to the read-out end, spacan bmso o_ the end of the crystal. The WS plate
absorbs the light from the crystal and re-emits aiavelength in a more sensitive region of the eliod
(longer wavelengths) and, more importantly in tase, concentrating the flux. The light is senseohf
the edge of the plate, typically 3 — 4 mm thickthasmaller area photodiodes. This technique was fir
used with BaF crystals to shift the fast comporénhe light at 250 nm to longer wavelengths. An
improvement by a factor 24 was achieved in thig cas measured by moving a small diode from the
surface of the crystal to the WS edge; a fourf@ohgvas obtained from the improvement in QE and
another factor of six from the concentration of filn& [124]. The technique was used also by the
Crystal Barrel Collaboration at LEAR in a Csl(TBlorimeter. More modest results are reported itstes
by the BaBar Collaboration of their Csl(TI) calogtar; 75% of the light collected at the crystaface

is collected in less expensive diodes of half tteaattached to the edge of the WS plate. The noise
level is about the same.

This approach would have to be explored and condparéhe more conventional method. Even with
equal performance in light collection, there carabbeantages in light collection uniformity, costda
implementation in the geometrical arrangement efglanned detector.

10.4.3Pileup

Pileup from background processes in which theisalggh but the energy deposition small can be
treated, after suitable averaging, as an additismatce of parallel noise. Single events in whitérge
amount of energy is deposited in a cell in coincmewith a muon decay in orbit can produce an
increase in the trigger rate. In coincidence wittoaversion electron, such events result in a
mismeasurement of the energy and lessen the desesff@ctiveness as an extra, strong constraint on
the event. The trigger rate is studied below arekected to be low. The granularity of the deteisto
fine enough that such random high energy processasncidence with a conversion electron do not
produce a substantial resolution tail.

The principal sources of energy deposition in tleremeter are:

A. Beam electrons interacting in the either the mawget or, downstream in the muon beam
stop.

B. Beam muons undergoing a large angle scatter itatget.
C. Neutrons originating from muon capture in the thayebeam stop.
D. Photons from muon capture in the target or beam sto

E. Photons radiated by decay electrons of enéggy 55 MeV originating from muons that stop
in either the target or beam stop.

F.  Electrons from muon decay in orli; > 55 MeV, in either the target or beam stop. Télé c
pileup noise for these different processes is shiowrable10.4.3.

Pileup as Parallel Noise



Processes A — F were studied using GEANT,; for ethehpileup noise is estimated by setting the rms
voltage produce by the source equal to the sigimals,

where the rms chargeQ is deposited at mean rae and

The equivalent noise energy due to pileup is then
Tpileup
where<(AE)> is the mean square energy deposition and

Ipileup

The functionf(t) is the full electronic transfer function and dés the light source as a single
exponential with the decay time given in Talb@®?2. The value ofyieup iS plotted as a function of the
RCtime constant in Figur#0.15 and Figur@0.18 and is given in column 6 of Taldl@.4.1.

The pileup noise is estimated for each of the bamkyd sources using GEANT calculationsrofand

<(AE)>. The results are collected in Talile.4.3. The contributions from the muon target gredbeam
stop are given separately. The above method ddestriaily apply to process A, since all of the

particles are produced promptly as a ash duringniiceopulse; nevertheless, a reasonable estimage ma
be obtained, as discussed below. The other exogpttase is when the rate is low, even when summed
over the nine cells assumed required to captutbelkenergy. A tail in the resolution at high energ
results; this is discussed separately below.

A. Beam electrons

The yield of electrons produced in the tungstegdiawas found using GEANT and the hadron code
GHEISHA. The number of electrons per primary pratoat arrive at the muon target is approximately
0.16. Figurel0.12 gives the energy spectrum and arrival tins&itution for these electrons at the exit
of the transport solenoid. The electron time isam®e up to 100 ns due to the dispersion in therelec
path length.

Figure 10.12: Energy spectrum (left) and distribution in tme of arrival (right) of the beam electrons at theexit of the
transport solenoid. The proton beam strikes the taget att = 0.0.

Assuming a micropulse every 1.88, the 4x 10" protons are shared among 8.I0° micropulses
during the half-second spill. The electron intenpier micropulse at the muon target is
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These electrons pass harmlessly down the centbeafetector solenoid, except for those interadting
the muon target. Photons produced in the targestie the front and inner surface of the calotene
but not the ESS. The probability that this progessilts in an energy deposition above 10 keV inaine
the 240 front and inner surface cells is 2.20°>. The mean energy deposition is 2.9 MeV. The ptoton



from this source would produce a substantial agiyemicropulse in the bounding inner and front
crystals:

The flash occurs at least 600 ns before the gatpased to detect the conversion electron. The ligh
from the crystal is attenuated during this inteatording to the decay times given in Talle2.
Because these photons do not strike the ESS, butlenbounding crystals it is possible to shidld t
calorimeter. This is evident in the GEANT simulatioecause the inner crystals do not see this energy
deposition. A GEANT simulation reveals that a 1lead shield reduces the energy deposition 30-fold
and the rate above threshold as well. Conversiectreins do not pass through the shield, but thig on
results in a detection efficiency loss of less th&n

The light left over from the ash is greatly attet@aain PbWQ and GSO because of the rapid
exponential decay of the light and less so in B@&@ich has a 300 ns decay time. In all cases it beay
necessary to short the integrating capacitor duhegash, resetting it, with sufficient time fottieg,
before the start of the gate.

If unshielded, 247/2.9 ~ 85 photons strike eacltafyduring the ash. For the worst case, BGO, this
light is attenuated by exp — (600/300) = 0.13. flhetuation in the energy during the gate is theh 3
MeV spread over ~300 ns. Shielding reduces thihiéurto a negligible level. An alternative appro&ch
to consider the average pileup noise assumingikBepptime zyieup = 453 ns is large enough to smear
out the energy deposition. There are 8T0° micropulses during the half second spill and 85tphs
striking a cell per micropulse. The pileup noiséhisn consistent with the above result; with shingd
the noise is reduced to an insignificant level. tharfaster crystals (PbWOGSO) the noise is
negligible, even if the crystals are unshielded.

The noise from this source is given after perimsteelding with 1 cm of lead in column one of Table
10.3.3. The ESS and the side opposite are unsHiekteelding the 150 cm 12 cm side at the outer
radius appears unnecessary. Summing the contmisufiiom the Aluminum target and the muon beam
stop (which coincidentally produce the same rdte) ash is

The crystals have ~600 ns to recover.
B. Beam muons

A beam muon with more tharb0 MeV/c undergoing a large-angle elastic scatginrthe muon target
changes its trajectory sufficiently to stop in tber Z material of the proton absorber or the trackée
muon then decays into an electron with energy UgBtdeV with a decay time close the muon lifetime
of 2.2 us. For lowZ materials the muon capture probability is neglgitompared to the muon decay
probability; this is a consequence of the Primaidfaw.



The probability that a muon undergoes a large ascagtering in the target and stops in the proton
absorber is 4.4 10° [134]. The probability that the electron from thecay of a muon in the absorber
strikes the calorimeter is 0.3. The total prob&piif this sequence is

The number of muons incident on the Al target x110™ Hz. The calorimeter hits occur mostly in the
inner 200 (50< 4) boundary cells. The energy deposition is 5.2/Mell with 2.6 cells struck on
average. The mean rate in each crystal is whereethidt was scaled by the cell multiplicity. Théepp
noise from this source is given in column two obleal0.4.3.

C. Neutrons from muon capture

Neutron background is considered as a source efipi&nd as a source of radiation damage to the
APD's. Neutrons above ~200 keV can damage the APdldplacing silicon atoms in the crystal [135].
The damage can result in a substantial increageibulk leakage current and associated noise.ihis
discussed in Section 10.4.4.

The neutron spectrum is obtained from experimetdatd [97, 101]. Neutrons with kinetic energy below
10 MeV are produced with a spectrum characterigtrmuclear boil-off. There is an exponential tail
above 10 MeV. The average number of neutrons esnpiée muon capture increases with atomic
number and is described well by the empirical fiomcf0.30+ 0.02)AY [97]. The measured average
number of neutrons per capture on Al is 1x2®06. In our calculations, the spectrum is norpealito

1.2 neutrons per stopped muon and is cut off aipger energy of 50 MeV.

The neutron background from muon capture is siredlasing the distribution of muon stops in the Al
target. GEANT and the hadron code GCALOR are usérhtk the primary neutrons, generate
subsequent interactions, and calculate the resultariron flux and energy deposition in the caletien.

The number of muons captured during the 0.5 s AGiEIsS
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where the first number is the proton intensity,sbeond is the number of stopped muons per proton,
and the third is the probability of capture. Newt@ssociated with capture may hit the calorimetach
capture gives 1.2 neutrons and these in turn icttevith material in the Detector Solenoid enviromine
(in the detectors and supports, cryostat, cryassdis, and return yoke and outside shielding) legdo
more neutrons. Two 10 m long cylindrical polyetimggCH) shields are used to reduce the neutron
flux at the calorimeter; see also Section 8.3hla simulation, one shield of thickness 20 cm ated
outside the cryostat just inside the steel retwkey35 cm thick Fe), which serves also as patti@f
cosmic ray shield. A second polyethylene shielthatkness 10 cm is located just inside the cryostat
wall (7 cm thick Al). Figurel0.13 shows the neutron energy spectra with artibwitthe polyethylene
shielding. The integrated flux is reduced ten-foydthe presence of the polyethylene.



The neutron energy threshold to displace silicamatin the APD is 0.2 MeV. The probability that a
neutron with energy more than this threshold crodise back 30 cm ~150 cm surface of the calorimeter
is 1.7x 10™. When integrated over the duration of the expeninf£07 sec) the flux through the APD's
mounted on the back surface is

A similar calculation starting from muon stops fie theam shield adds 2x3L0"° n/cn. The sum, 5
10" n/cn?, will be used in Section 10.4.4 to estimate thiation-induced bulk leakage current.

Figure 10.13: Neutron energy without (a) and with (b) thewo of shields (10 and 20 cm thick CH2). Bin size 0.1
MeV.

The probability that a primary neutron from thegttrleads to more than 10 keV energy deposition in
the calorimeter is 1.8 10°>. The hits are distributed over the 2000 cellshef¢alorimeter. The 8 10"
captures during the half-second spill is spread 8v&x 10° micropulses, one every 1.35.
Approximately 54% of the captures occur during@b8 ns window extending from 700 ns to 1350 ns
after the pulse. The number of neutrons/cell tlegiodit more than 10 keV during each gate window is

Ten per cent of the gates will have a neutron. rimeenergy deposited is 1.3 MeV. The crystal hd ra
n used in the pileup calculation is scaled by tlgealzerage multiplicity,

0.1650 10 9 1.8 1.4=3.8_105Hz

where the rate at the start of the gate, whicl®% sigher, is used. A similar calculation is doae f
neutrons from the beam dump. The cell noise estichiait this way from the two sources is given in
column three of Tabl&0.4.3.

D. Photons from muon capture

The photon spectrum is difficult to estimate. Evergapture results in the production of excited narcle
states. Assuming a at energy spectrum from 0 —V,Mermalized to 1.8 photons per capture, the

probability that photons above 10 keV strike thiegmeter is 2.3x 107, typically turning on 1.6 cells.
The number/cell during each gate window is

The rms energy}E deposited is 1.3 MeV and is

The noise from this source and from the beam dumgiaen in column four of Tabl&0.4.3.



E. Muon decay in orbit with E < 55 MeV

Forty per cent of the muons that stop in the Adéaidecay in orbit, each producing an electron.sého
of energy less than 55 MeV are confined to thereénégion of the solenoid by the strong magnetic
field and do not hit the calorimeter. However, thetectrons can radiate in the target. Photons fhem
electromagnetic shower deposit more than 10 kefferfront and inner 240 cells with probability %6
10™%. The number of muons that decay during the haltise AGS spill is

10"

and the number of photons per cell during the gatelow is

where the 1.6 hit multiplicity was taken into acnburhe rms energy deposited is 1.3 MeV and the
crystal hit raten is

The cell noise is calculated for this process iliem five of Tablel0.4.3.
F. Muon decay in orbit with E > 55 MeV

The probability that an electron with energy mdrant 55 MeV hits the calorimeter and releases more
than 10 keV equals 2:810°. The calorimeter hits occur mostly in 80 (20_4yihdary crystal cells
with an average energy releaBe= 3.9 MeV. The hits/crystal during the gate isado

The hit rate is 1.8 10° Hz: see column six of Table0.4.3.

Pileup As Accidental Energy Deposition — Cell Occuacy

In the previous section the pileup was treated smuace of parallel noise; this works well for peeses

in which the rate is high compared to the inveifsin@ shaping time. In this calculation, the signale
integrated electronically producing a mean levebgstal shift). The rms fluctuations about thaelev

result in a Gaussian-shaped resolution broadeiiimg same fundamental processes are considered here,
as earlier in this subsection, to compute the Huolgsrate where energy deposition becomes significa
compared to the resolution. The result is a higirgytail in the resolution function.

Table10.43 gives the instantaneous rates in a vane as adaraftthe threshold energy. A shower
typically occupies less than 2% of a vane, seerEig0.9. The last row in TablE0.4.3 is the probability
that there is accidental energy deposition in avein@bove the threshold indicated and in the sabfe 6



ns gate. The calculation of the previous sectiafuntes these contributions and is not independient.
the signal rises to its peak in, characteristicdl30 ns, as in the faster crystals, there is a @28hce

that 1 MeV is deposited in the tower and a 1.4%chdhat five or more MeV is present. This
probability becomes worse for longer integrationds. Notice, not all of the items in this table afre
consequence. Beam electrons, for example, prodash that is gone by the time the gate in which the
signal is detected is opened. Electrons from muamagin orbit produce energy in a small fraction,
80/2000 ~ 0.04, of the cells.

Table 10.5: Pileup noise in crystal cells from differensources. Upper and lower number are for events origating in
the aluminum target and muon beam stop, respectivel Flash from beam electrons (column 1) is attenuat using
time constant of component of crystal light outputhat produced largest signal during gate. The noises calculated

from ﬁ<E2>Tp“eup , Where the mean rate and square of the energy aobtained from GEANT, and the time

constant depends on the signal input shape and trafer function.

Background Beame Beamy | Neutron Photon DIO DIO
Source <55 MeV | > 55 MeV
Rate 1.3x10"® |15x10"|2.3x10" | 3.4x 10" | 1.3x 10" | 7.2x 1@
(Hz) 1.3x 108 3.0x10°° | 5.6x10°| 2.7x 10" | 1.6x 10
Hit 6.0x10% | 1.3x10°|1.8x10°|2.3x10°|5.6x10*| 5.1x 10°
Prob. 4.0x 103 6.0x10°|1.0x102%| 1.0x102%| 1.5x 102
Hit 2000 200 2000 2000 240 80
Cells 2000 2000 2000 2000 2000
Cell §/<Ez> 0.1/0.07 5.2/90.5] 0.7/1.6 0.8/1.8 0.6/1.2  3.9/7%.0
(MeV/MeV?2) 0.2/.25 0.9/1.7 0.9/2.0 0.4/0.8 0.6/1.8
Cell 1.2 2.6 1.8 1.6 1.6 4.1
Mult. 1.3 1.9 1.7 15 2.1
Cell Rate 4.7x10° | 2.6x10° | 3.8x10° | 6.2x10° | 4.8x10° | 1.8x 10
(Hz) 3.4x 10 1.7x10° | 4.8x 10 | 2.0x10° | 2.5x 10°
BGO
Cell Noise 0.05 0.32 0.52 0.71 0.51 2.4
RC=100 ns 0.26 0.36 0.66 0.85 0.12
(MeV)
GSO
Cell Noise 0.01 0.25 0.40 0.55 0.40 1.9
RC=100ns 0.06 0.28 0.51 0.66 0.1
(MeV)
PbWQ,
Cell Noise 0.0 0.18 0.3 0.4 0.28 1.4
RC=100 ns 0.0 0.20 0.36 0.47 0.07
(MeV)

Table 10.6: Instantaneous rate (MHz) for energy depositeth calorimeter vane to be above threshold. The ptmability
that this energy is in the same tower and coincidénvithin 7of a signal event is given by multiplying by #750. Light
from beam electrons during ash is strongly attenuad before gate begins. DIO events affect only 246lis. Last row is
the summed probability there is an event in the ful650 nsec gate (see text).

Background Source >1MeV | >5MeV | >10 MeV
DIO > 55 MeV 0.74 0.41 0.29




Beame's 23

Beamy/s 0.04 0.032 0.027

Neutrons 25.0 14 0.45

Gamma's 36.0 6.0 0.08
Probability (%) 80.0 9.0 0.7

10.4.4Radiation-Induced Effects

The impact of radiation exposure on both the ctystd the diode must be considered.
Light Loss in Lead Tungstate Crystal
The effect in lead tungstate may be summarizedlasifs [136, 137, 138]:

* The blue and green radiating centers are not dasiagearadiation; the scintillation mechanism
in the region of wavelengths of interest is unatec

* Radiation damage in the crystal is caused by theeargion of existing defects in the crystal
lattice to light absorbing color centers, resultin@ radiation-induced absorption length. For one
defect type, during a time interval dt:

whereSis the dose rateythe recovery rate, and d the damage constantintineed absorption is
Kinduced= 1/induced= oNC, Whereos is the absorption cross section for light at acoknter. The damage
saturates for long exposures at a level that dependhe dose rate.

* The radiation damage from photon irradiation isreible. Heating for a few hours to 20
restores the initial light yield.

« The influced absorption at an accumulated dose®f50from®°Co irradiation is not more than
0.8m-.

The last item is the specification from the crystanufacturer for the crystals purchased this pesf.
The induced absorption cannot excedld, whereNy is the number of defects (typically a few ppm of
the crystal sites).

The radiation levels in the calorimeter are dracadiy reduced, by a factor 25-30, by shielding four
sides of each vane wittl cm of lead. Because conversion electrons entgrtiorough the 30 crx 150
cm electron sensitive surface of each vane, ttesmbbampact on the energy measurement and only a
small effect on acceptance. The crystals will hgpsuted by 2 cm of aluminum on the side opposke th
ESS.

The results of calorimeter irradiation simulationsing GEANT, including the lead perimeter shietgin
are shown in Tabl&0.4.4. The mean energy deposition per event @jyia muon that is captured or
decays in the aluminum target or the material efiebam dump) is given in the first row of the éabl

and the total energy deposition during the expemin(®0 s) appears in the second row. The calorimeter



mass affected is given in the third row. Neutrarsriact uniformly throughout the entire calorimeter
1788 kg, while some of the soft gammas and elesthimm muon decay in orbit affect only the crystals
on the perimeter of the detector. In calculatirg ddiation dose,

in J/kg (Grey), note that the gammas are assumbed &bsorbed in one radiation length, 0.89 cmad le
tungstate. At an energy of 0.1 MeV, typical of givt produced promptly during the beam ash (column
2), the attenuation length in the crystal is duesthydo the photoelectric effect, andi8.02 cm, 45

times smaller. This leads to very high dosagetimrasurface layer of crystal. The rate is reduced
dramatically and the measurement is unaffectedthynehighZ cover over the electron sensitive
surface. Only these photons from the ash, origigan the beam dump, produce a radiation levehgf a
consequence.

Radiation-Induced Dark Current in the APD

We estimate the increase in the dark current irAfRB caused by neutrons from the sources discussed
in Section 10.4.3. The effect of the radiationoigltsplace atoms from sites in the crystallinadatt

[135]. The radiation induced leakage currdijt,, depends on the number of displaced atoms. It is
proportional to the relevant detector volume arml@ases linearly with exposure time. The
proportionality constandr is strongly temperature dependent:

lirB=8_10 17ampn_cm- —z} _ at48
5 10 4cm _0.25ém —z } depletion depth _area 5.0 _ 1010 A em- z } n flux=exp;

or I3 =0.5 namps. The value of should be compared to the 0.2 namp used in the esismates.

The radiation induced dark curreh decreases with time. Experiments indicate severaponents
with different lifetimes [139, 140] are present:

* The Bogoroditsk Technochemical Plant, BogorodiRikssia.

Table 10.7: Irradiation of PbWO 4 calorimeter from different sources. Levels from iteractions in the Al target (AT)
and muon beam stop (MBS) are given separately. Threnergy deposition of electrons and photons is assenhto take
place in one radiation length.

Background Beam | Neutron| Photon DIO DIO
Source e n y <55 MeV | >55 MeV
AE
AT 0.1 0.7 0.5 0.5 14.2
MBS 0.2 0.9 0.8 0.2 0.6
(units)
Energy Dep.
AT 1250 464 625 58 83
MBS 16600 260 720 860 4.3
(Joules/Expt)




Affected Mass

AT 133 1788 133 133 55
MBS 133 1788 133 133 133
(kg)

Dose Rate
AT 0.4 0.01 0.2 0.02 0.6
MBS 5 0.007 0.2 0.23 0.001

(1072 Gy/hr)

Dose/Expt
AT 10 0.3 4.7 0.5 15
MBS 125 0.2 5.4 6.5 0.03
(Gy)

with g and7; given in Tabl€l0.4.4.

The current depends sensitively on the temperfitd@ 141, 142] and can be reduced substantially by
cooling:

irr
I B

wheregr = 1.2 eV. The decrease is significant even forlstemperature changes, -9% atT = 20°C.
For a temperature change from +2Dto —20°C, |" decreases by a factor 57.

10.5Readout, Trigger Rates

The beam structure imposes severe constraintseore#ldlout if there is a ash produced when the
protons strike the production target. Beam elestréor example, produce such a ash in the bordering
cells of the calorimeter if they are unshielded: this source, it appears that the ash can beredied

by shielding. The readout scheme described belgwnass that such a ash does occur, and that &léof t
analog signals have to be held before the next e&mmopulse. Two possible timing schemes have
been considered. For most of our studies, thetstiei@assumed consisted of one pulse of 100 ns
duration every 1.35 microseconds filled by one bersycle to an intensitg2 x 10" protons. This is
accomplished by filling two of six equally spacasckets around the ring. The gate for detecting the
conversion electron extends from 600 ns to 125008 ,ns before the next beam pulse. A conversion
electron coming near the end of the gate has teeliEbefore the next pulse. One hundred nanoseconds
should be sufficient for the faster crystals, 2pWQ,. The time required is approximatehs,and is

listed in Tablel0.4.1. A better mode of operation is to fill twdjacent buckets 335 ns apart with two
booster cycles, and extract the beam in one mitse@pread over 200 ns every 2.7 microseconds. The
pulse would be filled by the two booster cyclesiointensity o&4 x 10* protons. In this mode, the

gate extends from 0,/ to 2.3-2.6us, depending on the shaping time and the decaydirie crystal.

The acceptance is larger by 20 — 30%.

Table 10.8: Dark current coefficients and decay times at8 °C in lead tungstate, PbWQ, crystals.

coefficient| g T
1 0.20 12.9 min
2 0.30 85.4 min




3 0.13 30.5 hr
4 0.13 6.6 days
5 0.24 o0

Figure 10.14: (a) Differential energy spectrum for muon deay in orbit in Al. (b) Spectrum multiplied by calorimeter
acceptance.

The trigger is formed by dividing each bar of tladocimeter into 48 overlapping super- cells. Each
supercell is obtained by summing signals, aftéeriihg, from 5x 5 arrays of crystals. The sums from
the 48 channels are encoded with FADC's, 8 bitsremes than sufficient, every ~25 ns and fed to a
pipeline processor. At the same time the signais fthe 500 crystals, 1000 diodes, (288, 576 fer44
cn? crystals) are sampled every 25 ns as well, arrédio an analog pipeline, e.g., a switched-
capacitor pipeline, 128 channels deep. The sanipdi can be gated to store signals only during the
interval from 0.8 — 2.4 after a micropulse. When the energy in a supascgteater than a preset
threshold, the sampling clock is stopped and tlaogiie data is digitized and read out. The rakews
enough that a high level of multiplexing is possibilhis readout scheme is similar to many used in
previous experiments and we hope to borrow from éiperience.

Table 10.9: Trigger rate and efficiency vs. threshold engy in supercell. Energy in cell is generated by GENT and
smeared by electronic noise, photostatistical fluaations, and pileup.

Eth(MeV) | Trigger Rate (kHz) Efficiency (%)
60 14 80.2
65 6.3 79.6
70 2.0 79.2
75 0.57 78.3
80 0.2 77.3

An energy deposition of ~80 MeV that triggers tle¢edtor comes principally from muon decay in orbit.
The differential spectrum of the decay electronsfiaons stopping in aluminum is presented in tabula
form in reference [143] and plotted in Figur@.14(a). Plotted in Figur0.14(b) is the spectrum of
electrons that actually strike the detector. A GHAdimulation determines the energy deposited it eac
cell of the detector, which is then smeared byted@ec and pileup noise. In Tabl®.5, the trigger rate
and detector efficiency are given as a functiothefenergy threshold in a supercell. An efficiemger

at an entirely manageable rate is achievable. ate shmples accumulated in the different type atyst
calorimeters are presented in Table5. To simulate the electronic and statisticas@ohe GEANT
spectra were smeared further with Gaussian disioist The approximate factor of 2 improvement in
resolution with GSO translates into a 100-fold i&dhn in trigger rate.

Table 10.10: Offine data samples obtained with differentrystal choices.

Performance PbWO BGO GSO
Total Resolution at 100 Me\s{ot) | 5.0 MeV 3.0 MeV 2.3 MeV
DIO Decay Br(E> 90 MeV) 33.18 | 2.3.10" 610"
Data Sample Rate (Hz) 2.8 0.22 0.024
Total Data Sample (IGec run) 2.8 - 10 2.2 .10 2.4 .10




10.6Calibration and Monitoring

The calorimeter serves as the triggering detedttteoexperiment. Since it is of no advantageitmer

on energies below those of signal electrons, theiozeter energy resolution (about 5% near 105 MeV)
and low energy tail of the distribution determihe trigger threshold of about 80 MeV measured gnerg
Uncertainties in calibration small compared to¢h®rimeter resolution may, at worst, require small
decrease in the triggering energy threshold, watiesponding increases in the background trigger ra
Uncertainties comparable to calorimeter resolutimuld cause more difficulties, however, and must
therefore be avoided. For example, lowering thegnthreshold at 80 MeV by 5 MeV causes an
increase in the background trigger rate by abdattr of 3[122].

Since the trigger is a hardware sum, the lowest gali will determine the threshold and therefdre t
trigger rate. Individual calorimeter cell gains mtierefore be equalized at the hardware levehto a
accuracy determined by the allowable hardware ériggte. A higher level software trigger can thea u
the measured gains of individual cells to decrélasdoackground trigger rate. In addition to beisgdi
for off-line analysis and on-line for the highevég trigger, the calibration data will therefors@be
used to equalize cell gains at the hardware level.

Sources of small continuous variation such as et drifts or radiation damage require periodic
changes to equalize gain. Short time scale vanstisuch as those due to temperature fluctuations
within the boundaries set by hardware temperatonéral, give an irreducible source of variation i
will necessitate some lowering of the hardwareggigthreshold compared to what would be possible if
only calorimeter resolution were involved.

Possible sources of short and long term variatiefude crystal nonuniformity, inherent crystal to
crystal variation, APD to APD variation, radiatidamage to crystals, temperature variation affecting
crystal light output, temperature variation affagtiAPD and other electronics, and voltage fluctuati
resulting in APD gain fluctuation.

A sample of PbW@crystals has been tested with*%Cs 0.662 MeV gamma source giving a measured
crystal non-uniformity (maximum to minimum gainféifence) averaging 3.3%. The range for the
crystals was 1.8 — 4.8%. Because the electrondihowering in the crystal, this nonuniformityct
expected to present a problem. The largest crigtalystal differences, which will be corrected byr
setting APD voltages, was 11% in the sample tested.

Crystal light output variation with temperaturdaypically about 1 — 3% per degree C depending en th
crystal and operating temperature (for Pb)¢@e [133, 137], for BGO see [144, 145]). APD
temperature variation is 2.5 — 3.5% per degree @ntdining crystal temperature to abaud.5°C will

be sufficient to prevent large trigger rate fludtoas from this source.

The APDs operate at about 300 V with gain chanf@baut 5% per volt. This requires voltage control
to a few tenths of a volt and monitoring to abotgrh of a volt.

The estimated radiation dose to a calorimeteriselbout 270 rad/year, coming from beam electrons
(118 rad/yr), neutron interactions (43 rad/yr), fgmointeractions (59 rad/yr), and muon decay ebectr
with less than 55 MeV (49 rad/yr). For undoped BG@stals, short time scale doses of this size can
give gain drops of about 20% with recovery timeslabut an hour [146, 147]. Undoped lead tungstate
shows similar drops in gain, but doped crystalsishariation of less than a few percent [137, 158}



our dose rates, depending on the crystals usedticadeffects will be manageable, may show anahit
drop of about 20% after which the gain is constanmay be completely negligible.

The calibration system is designed to measure atesghin and cell to cell variation, to measure
periodically and tune the system hardware for lrm variations, and to measure short time scale
fluctuations to allow off-line corrections not pdde on-line. Voltage and temperature control, @ligh
not part of the calibration system per se, are s&0y to keep fluctuations to within levels that ba
handled by calibration.

The absolute gain, uniformity, and temperature ddpece of individual crystal APD assemblies will be
tested prior to assembly of the calorimeter. Wecareently studying whether this is feasible with
cosmic rays. If not, a radioactive source will lsed.

For a cosmic ray measurement, an array of cryptafging vertically upward would be sandwiched
between two scintillator hodoscopes. The expecitslof cosmic rays going through one and only one
crystal is calculated to be about 0.1 per minutsida MECO and as low as 0.03/min inside MECO.
Electronic and photo-electron statistics for thpragimately 115 Mev (130 MeV) signal give a
resolution of approximately 2 MeV (4 MeV) for BGQgad Tungstate). The number going partially
through a crystal is roughly an order of magnitb@gher. Monte carlo studies are in progress to
determine whether a cosmic ray calibration is taasi

APD voltages will be set according to measuredgalhs to equalize gains at the start of the erpant.
The original measurements will also be used téhseinitial signal to energy conversion.

Gain changes can be monitored with periodic redgat@libration of crystal-APD cells. Since changes
are either in crystal transparency or in APD amttebnics, a flasher system can be used for this
purpose. Currently, laser, LED, or Xenon flashestemns which feed light in from the electronics ehd
the crystal are all either in use or planned forots experiments [130, 148, 145, 149]. We are\stugd
what is most appropriate for our case. The methilde/ tested by comparing results from such a
system with the original, outside MECO cell caliiwas, prior to exposure to beam.

Absolute energy calibration can be provided by meag the front part of the calorimeter response to
electrons above 80 MeV, whose energy is measurededlyacker. The energy conversion for the back
part of the calorimeter, which is less often hitthgse electrons, can then be determined fromvelat
calibrations. If necessary, the magnetic field lbalowered in the detector region to provide a beam
higher intensity lower energy electrons which \gidl through the tracker and calorimeter.

It may be possible to provide an absolute energlgraéion with cosmic rays. Determining that cosmic
rays have passed completely through an individelahcay be difficult inside the MECO solenoid, and,
in any event, the rates may be too low to providseful calibration. Monte Carlo studies are cuityen
underway to determine the signal distribution dretéfore the calibration precision that can beiobth
with cosmic rays.

There will thus be at least two almost independgatems to monitor gain of most of the calorimeter.
Individual cell changes will be tracked with a fi@s system which can very quickly calibrate eadh ce
and be used at frequent intervals. Less frequestlate gain measurements can then be compared with
the compounded results from the flasher system mneaents to study the systematics involved. The
gains of cells near the back of the calorimetarwhbich only the flasher system and perhaps cosmic
rays are available, will then be corrected if neeeg.



If cell gains diverge, APD voltages will be pericdily tuned to keep the hardware threshold constant
about two MeV

Individual cell temperatures will be monitored leyriperature sensors connected to the back of the
crystal (see for example the Rugby Ball used in @RAL44]). Once a trigger occurs, the measured
gain versus temperature curves may be used oralitewill certainly be used o_-line to recalculdite
total energy deposited in the calorimeter.

10.7 Conclusion

Summarizing, the proposed crystal calorimeter svashe event signature by adding to the precision
measurement of the electron momentum in the traekegh resolution measurement of the electron’s
energy and an energy correlated determination ¢k grz)-coordinate on its trajectory. The high-age
threshold made possible by the improved resolugsnlts in a lower trigger rate and a smaller final
data sample.

Figure 10.15: GSO 4 APD'S.

Figure 10.16: BGO 4 APD'S.

Figure 10.17: PbWQ, 4 APD'S. Cooled to -20 C.

Figure 10.18: PbWQ, 4 APD'S. Crystal only cooled to -20 C.

Figure 10.19: Measured electron energy minus the incidemnergy. Pileup and electronic noise are included fo
PbWO crystal.

Figure 10.20: Measured electron energy minus the incidemnergy. Pileup and electronic noise are included fGO
crystal.



Chapter 11 Veto Shield for Cosmic Ray
Background

11.1The Need for a Cosmic Ray Shield

Cosmic ray (CR) induced electrons (or muons mistaseelectrons) may induce backgrounds. Previous
experiments have been close to being limited irsisgity due to cosmic ray backgrounds. Since this
source of background scales not with sensitivitivath running time, only modest improvement in
rejection with respect to that achieved by eadigreriments is needed. Detailed calculation of the
sources of backgrounds and the shielding requiresyteave been done and are described in this chapter
This chapter will discuss both passive and actvamonents of the MECO CR Shield. Figiik1

shows an endview, and Figut&.2 a sideview of both shielding components en@ssipg the detector
solenoid. Each component will be described in #aisns that follow.

Cosmic ray background is already reduced by plattiegarget and detector in a graded solenoidil. fie
Most importantly, there is a restricted range pbpelectrons produced in the stopping target and
detected in the spectrometer. All electrons produgestream of the stopping target, for exampléaat t
interface between the transport and detector smspare identified as background since their
transverse momentum is below 75 MeV. Some elect@sdting fromy decay or interactions in the
detector will also be eliminated by restricting #ilowed p range. The use of active and passive
shielding, in combination with these intrinsic i&jen techniques, will reduce backgrounds to a
negligible level.

The cosmic ray background rate will be monitoredrduthe 0.5 s each cycle when beam is not
delivered to the target. Hence, we will have adimeasure of the effectiveness of the shield had t
expected level of background. Additionally, cosmayg background rates can be measured as soon as
the detector and detector solenoid are in plat@yedg modifications to the shield if necessary.

11.2Cosmic Ray Background Rate Calculation

The calculation is based on measured cosmic fliees the literature and a GEANT simulation of the
shielding and detector. Muons dominate the flupaticles penetrating any significant amount of
shielding. Their energy spectrum at sea levelse®rigally at below 1 GeV, and then falls with a pow
law approximately given b 2>, with E in GeV. The angular distribution is approximateedi/d 6 ~

e 4% The muon flux is about 60% positive. For decays iacident muons mistaken as electrons, only
negative muons contribute. For delta rays andgraduction in materials in the target and detector
region, bothy" andg contribute. The calculation accounts for the follmgvsources:

* Muons penetrating the shielding and decaying irdétector solenoid.

* Muons penetrating the shielding, interacting intdmget, detector and other material, and
making electrons.



* Muons penetrating the shielding, scattering intéiiget or other material, and the muon being
mistaken for an electron.

* Muons interacting in the shielding and producingeotparticles (photons or hadrons) which then
interact in the detector to produce electrons. &lee®nts may not deposit energy in a veto
counter.

The shield configuration simulated consists ofr.bf steel surrounding the detector solenoid, fedld
by a double layer of scintillation counter detest@nd 2.0 m of heavy concrete shielding blockg Th
effect of the magnetic field in the steel shieldivag not been included in the background calculatio
should reduce the particle flux inside the solermyjicturling up low energy muon tracks.

The probability of particles penetrating the shiejdwas calculated by simulating muons incidentren
shielding normal to the surface. This underestim#tie attenuation since it underestimates the geera
path-length. The flux of particles exiting the dtiieg consists of photons, muons, electrons, parssr
and lesser numbers of low energy hadrons. Therdiffal intensities foy;, € andz fluxes emerging
from the nominal shielding are obtained. Thesedtuwere used as input to the calculation of the
probability of producing a 100 MeV electron fronmsaac rays.

Essentially all particles penetrating the shieldiegulted from processes that deposited enerdyein t
scintillation counter between the concrete and sfesmall flux of photons emerged without depasiti
energy in the scintillator. They resulted from bestnahlung by a _ which then ranged out before
passing through the scintillator. The probabilifygetting a photon with energy exceeding 100 MeV is
approximately 2 10°°. This contributes a negligible amount to the ptéackground from photons
caused by processes that did deposit energy iscthéllator, assuming an inefficiency in the sdiator
for detecting a penetrating charged particle i€.10

To estimate the total background, the penetratingdf ), € andz/ was caused to impinge on the
volume inside the detector solenoid. Particles vgereerated on the interior of a cylindrical shl(
magnet coil) according to the calculated flux oftigées penetrating the shielding, and weightedhzy
cosmic ray flux as a function of zenith angle. Bimaulation of the resulting propagation and
interactions was done including the effect of tregmetic field. All kinematic properties of all pates
which intersected any part of the tracking deteatere recorded, and the following selection craeri
imposed:

* The particle charge is negative.

* The momentum is in the range 100MeV/p < 110MeV/c.

* The number of clusters in the tracking detectondge than 3.

* The pitch angle is in the range®46 8, < 62.

» The closest distance to the solenoid axis at thgpstg target is less than 10 cm.

* The track has fewer than 3 missing hits in theditirajectory.



The selection on the pitch angle accounts for éloe that electrons produced in the stopping taigee
allowed values in this range. The last selectigeicon eliminates electrons originating in the dielof
the detector, for which the fitted trajectory ie@icted to pass through an octagon or vane detdaor
more times without it having done so. The curresne selection criteria are more stringent thasehe

A total of 9x 10’ particles were generated, distributed accordirthegarticle type and momentum
distributions calculated as described above. Tathegluty cycle of the accelerator to be 50%, the
detection time for conversion electrons to be 78@arch 1.3%s, assuming that we veto cosmic ray
induced events using the veto scintillation countin an efficiency of 0.9999, and accounting foe t
illumination area, this corresponds to approximaggl0 times the nominal MECO running time of %0

A total of 24 particles (weighted as described a&)®atisfying the above selection criteria was tbun
Most of these events were caused by particles pemidownstream of the tracking detector (in the
electron trigger detector, for example), movingtrgesm through the tracking detector, reecting lodf t

B field, and then moving downstream through thekirag detector a second time. All but 3 (weighted)
events have at least 4 clusters in the trackingatiet caused by the backward moving particle. This
background is suppressed since we will detect aoonstruct the backward moving track, out of time i
the tracking detector. Additionally, events prodiigethe electron trigger detector will have energy
deposited at a time and position which can be dedifrom the tracking information. We assume that
these events will be vetoed with high efficiency.tiie particles with fewer than four clusters proeld
by the backward moving track, three were muonscamdoe eliminated by a time of flight requirement
between the tracking detector and electron triggenter. Three others had more than 200 MeV
deposited in the electron trigger counter, andlmaegliminated by a clean requirement in a smaktim
and position window. One had only 27 MeV depositethe electron trigger counter. The three
remaining events weregadecay upstream of the tracking detector and tvita days, one produced in
the target and one in the straw detector. Fromrésslt the cosmic ray background is predictedeto b
0.7 events at 200 times the nominalsLfunning time, or a background of 0.0035 events.

11.3Passive Cosmic Ray Shield

11.3.1Heavy Shielding Blocks and Beams

Figurell.1l and Figurd 1.2 show a configuration of concrete vertical kkband horizontal roof beams.
Vertical blocks, 5.2& 1 x 1 nt, stand back one meter from the inner steel bafftrd access to the
active scintillator shield. Roof beams, 828 x 1 nt, top off the structure.

Concrete shielding blocks are fabricated from atunexof special aggregate mineral material and
cement, and reinforced with steel rods. Key ingetli in the aggregate are hematite, magnetite,
ilmenite, and steel. The density of aggregate al®®e0x 5.6 g/cni. Firms such as Universal Minerals,
Inc (UMI) typically ship the aggregate mixture tm@arby concrete block maker company which casts
the blocks in a mold. UMI uses coarse and fine main@ggregate material which has a 67% Fe content.
This blend of cement and aggregate has a densityoaj/cni or higher. With reinforcing rod included
the block maker's cost is typically equal to tlmatthe aggregate material. The quantity of vertical
blocks required are 32 for the side walls, andadt3He front plus back walls. Roof beams wouldltota

18 blocks.



11.3.2Steel and Stainless Enclosure

The steel enclosure shown in Figdrk1 and Figurd 1.2 provides both a return path for the detector
solenoid field, as well as both a passive exteshald against cosmic rays and an internal shigidnest
fast capture neutrong,> 0.5 MeV, produced at the muon stopping targkeé Shape of the steel
enclosure is rectangular with a wall thickness.&fieters. It spans the length of the detectomsdde
for about 12.4 meters. The plan is to cap off theéseof the steel box with stainless steel wall@.6f
meters. Penetrations are limited primarily to ptotaling a size of 400 chior tracker and calorimeter
cable runs, and for a smaller opening to run sateoables.

11.4Active Cosmic Ray Shield

To achieve the design level of f@or cosmic ray rejection for so large a detectut & do so
economically we need to build upon the latest dguelents in large scintillator array detectors. fhis
reason our expectation for good shield performasmbased in large part upon recent results thag hav
been obtained by the MINOS collaboration at Fermit@ver the past several years they have developed
long, high performance scintillator elements at egictost [150, 151]. In addition to this we are

tracking other detector development work in progifes the CKM proposal at the Fermilab Scintillatio
Detector Development Lab. Finally we have benefiteth early work on embedded-fiber scintillation
detectors carried out by the TINAF Detector Groughe early 90s [152].

The basic idea is to circumvent the short attepnundBngth for a scintillator's blue light by bondin
wavelength-shifting (WLS) fibers along the sciribir's long axis. This is illustrated in Figure.3
which shows a cross-sectional view of six fiberdedded in a scintillator coated with Ti@ector.
The objective is to obtain an adequate efficiermryafset of fibers to wave-shift a primary blue
scintillation photon to a green photon that thawvets internally along the hit fiber with a long
attenuation length. This profile of a 10 eni.0 cm scintillator bonding six 1.5 mm diameter $/L
fibers in its surface represents our current deigthe MECO Active Shield. This is motivated
primarily by the similar profile of the TINAF sciltétor which had five, 2.0 mm diameter fibers
embedded in a 10 cm1.0 cm scintillator and wrapped in Tyvek [152].elirstudies demonstrated a
small 2% variation of signal response when movimgdaation source transverse to the fibers. Some
signal roll off, however, was observed within Orb of the edge. When the number of incorporated
fibers increased from one to five the signal drappelow a linear response by 50% in a plot of fiber
light output versus the number of fibers. This effiedicates a good conversion efficiency to WLS
photons. The study involved the Bicron fiber BCE@hded to various Bicron scintillators which had
been grooved with a multi-tool carbide cutter. FMT used in these studies was the Hamamatsu R580-
17, a green-enhanced bi-alkali tube.

Figure 11.1: End on view of detector solenoid
Figure 11.2: Side on view of detector solenoid
Figure 11.3: Cross-sectional view of scintillator with embdded waveshifting fibers

Figure 11.4: Cross sectional view of two die design for pducing extruded scintillator bars with imprinted grooves or
holes



In 1999 we obtained a one meter, fiber-embeddedoBGample produced by the TINAF Group in
order to confirm their reported performance. In¢barse of a senior research project the student
obtained a 9.5 photoelectron response with an R58BMT in a triggered cosmic ray study. While
these results are promising the cost of buying s@stillator which then has to be machined is
prohibitive. The Cost Book confirms this in a quaia obtained from Bicron for cast scintillator. &h
machining cost adds significantly to this. MINOSIEmonstrating the great cost advantage of extgudin
in a one-step process long strips of scintillatdahwa grooved fiber channel and reector applied.

In addition to the MINOS Detector Technical Desk@port in NuMI-L-337 [150], a detailed R & D
report on the MINOS detector at CalTech titled “@udy in Scintillators, Fibers, Glues, and Aging” is
available in NuMI-L-414 [151]. The latter reportas important resource in that it catalogs a walee

of optimization studies on how to produce in a step process an extruded scintillator strip which
features both a single groove designed to holdwelgagth shifting (WLS) fiber and a coating of
reective TiO2. Tests sought the optimal uor fonsltator strips, commercial WLS fibers, and adiesi
compound to join the two. Studies were also madketermine production variations and the effects of
aging over the course of the experiment.

MINOS scintillator strips have a profile of 4.1 el cm and nominal lengths of 4.5 m and 8.0 m. The
shorter strip is readout at one end; the longeradimth ends by a single embedded 1.2 mm diameter
Y11 WLS fiber from Kuraray Corp. These signals jprecessed by a multi-anode, bi-alkali PMT, the
Hamamatsu R5900U-00-M16. Performance variationsngntioe 8 m strips for summed fiber CR
signals have ranged from 6 — 9 photoelectronssiteadily improving fashion. Attenuation length
measurements for CR-induced fiber photons haveeaeti6-8 m. Our discussions with Brajesh
Choudhary of CalTech regarding the studies thatdatle NuMI-L-414 report have been most
informative.

11.5MECO Scintillator Strips

The quantity of scintillator needed for the MECO GRield is mainly dictated by the outer size of the
steel enclosure, 4X4.4x 13.7 . In a design that orients scintillator strips segrse to the detector
axis good overlap at the corners of the steel bithbe provided by long strips with a nominal lehgif
4.7 m. Figurell.1 and Figurd 1.2 show these scintillators only in edge viewprAfile of 10 cm width
and 1 cm thickness has been chosen to completgripelimensions. This width, 2.5 times larger than
that for MINOS, conveniently allows adjacent stripe overlapped in a staggered pattern. Thigpatt
eliminates a gap between strips which could redineereto efficiency significantly if the long
extrusions show curvature along their sides. Intamd it compensates for any roll off in perfornzan
near the edge of strips. The edge view in Fidur®& shows three strips with a 1 cm overlap.

Altogether this amounts to 800°mf scintillator which requires a minimum extrusiam of 9 km. Cut

to length there would be about 2100 strips. Intéengpt to maximize the number of photoelectrons
resulting from a minimum ionizing particle passthgough a scintillator layer we intend to embed six
WLS fibers of 1.5 mm diameter along one surfacehémanner studied by the TINAF Detector Group
[152]. This requires that the extrusion die forpsproduction be designed to produce six
accommodating grooves along one surface spaced siioally at 1.667 cm intervals. During this
same extrusion process a thin coating of TiO2 kellapplied to provide maximal surface reflectivity.
Figurell.4 shows two designs for the extrusion die. Tthedard design with surface grooves is at the
top; the bottom design showing six mid-plane hédedibers. Quotations on the design with five fibe
were initially sought from Quick Plastics and Kupinc. However, both firms made an early decision



not to bid on the job. Following this we made cahtaith Itasca Plastics. This firm, located near
Fermilab, has the contract for extruding the MIN&Hhtillators. They have shown a willingness to
work in close cooperation with experimenters andnimers of Scintillation Detector Development Lab
at Fermilab.

It should be noted that in following the MINOS mb#tte this production is followed we will need to
participate in buying and loading the scintillaitgredients and in the staffing of quality contsbifts
during production. There is not only a need to esthe ingredients are correct (Dow polystyrene +
1.0% PPO + 0.015% POPOP), but to maintain an exerironment of argon gas to exclude light-
guenching atmospheric oxygen. We plan to makeiassef visits to Itasca and Fermilab to observe and
master this operation in the near future.

Three quotations for different dies and productpation have been obtained from Itasca. The first
was for five surface grooves, the second for fieetal holes, and the third for six surface grooyds
have been for 1.5 mm diameter fibers. Most recehycompany has decided not to bid on a profile
with six midplane holes, saying it would be muchrendifficult to extrude this profile and to maintai
the tolerances required to keep the holes openfmeemeters. The company has made test runs for
another hole-producing profile submitted for theM Kollaboration at Fermilab. In discussions with a
member of this group a hole-making profile seentedffer the possible advantage, yet to be confirmed
of good performance without bonding the fibers. ldger, given the reluctance of Itasca to tackle this
profile we are now focusing on the quotation fag #ix surface groove design. To complete this tapic
guotation has also been obtained for the necessartlator ingredients from Curtiss Laboratories,
again with the help of MINOS assistance.

Starting this summer a number of development ssudi# begin with the aim of projecting a level of
performance for our prototype detector of six, b diameter fibers bonded in scintillator surface
grooves. This will involve non-extruded scintillafoom Bicron, and

Figure 11.5: Fiber optic readout diagram

WLS fibers from Bicron and Kuraray. Comparisonsaestn the Hamamatsu R580-17 and R5900-00-
M4 phototubes will be made. Both triggered cosmaigsrand Bi-207 conversion electrons will be used
to determine photoelectron response. A study walh & e made of any roll off in performance near the
edge of the strip detector. Respons&@p gammas will determine this source's suitabiiya
monitoring component for the CR Shield detectolisMmwork will give us confidence in moving to the
next level of ordering an extrusion die.

Based on manpower information from Anna Pla-DalfMBNOS) we can make a reasonable estimate
of the manpower needs during the production artthgephase of the scintillator bars. We expect to
have two physicists and one technician on sit@énetarly stages to gain experience in all facetbef
process. These include how to handle the raw naddgdopants and polystyrene pellets), how to
perform quality control routines established in NN production, and how to modify pre-production
conditions to improve product quality.

11.6Wavelength Shifting Fiber

Given that our longest scintillator strips are ih&ters long we intend to implement a single endaoeat
of the WLS fibers. This will facilitate an arrangent of strips which can best give a full, two-layeto



coverage of the detector solenoid. As has beerddtBlOS has single-end readout of the 4.5 m strips
in their Near Detector. FigurEL.5 depicts the smallest unit of three adjaceidssin one of the veto
layers. This shows their staggered overlap in tigavs and the run of the WLS fibers. At the readout
end these fibers are terminated 1-to-2 cm beyoaetial of the strips. This then sets the lengthbet$

at 4.72 m. (It should be noted that strip lengttesteed directly to the diameter of the detectdesoid
which has yet to be finalized). Employing opticahoectors, clear optical fibers of 1.5 mm diameter
then carry light from the 18 waveshifting fiberstbé three strips through a 190 degree low-lossl ben
one quadrant of a single bi-alkali PMT. Such aeystvill require 60 km of WLS fiber. Kuraray has
provided a quote of $2.99/m on an order for 1.5 dimmeter Y11 fiber. It is believed that fibers bist
length can be cut to length and shipped in tubastwdifers better protection in transport. A pdrtia
shipment can be made within 3 months; a full dejive 8 months. The amount of optical fiber needed
is about 7600 m. Quotations from Kuraray and Biaomavailable for this item. Studies are planmed t
compare detector performance with and without a&ifal fiber reector. For a reector the mean time for
direct and reflected pulses is about 24 ns.

MINOS has compared 8 m long strip performance fbt Yibers of 0.9, 1.0, 1.1, 1.2, and 1.5 mm
diameter. The relationship between signal and fiadius r was found to be signake . Simply

scaling the 1.2 mm MINOS results to those for arith diameter fiber suggests a signal enhancement
of 36%. In addition there is reason to expect rerignal improvement for our multi-fiber

configuration given that MINOS studies showed thewyld double their signal if two 1 mm diameter
fibers, spaced by 2 cm in separate grooves, warptace a 1mm fiber in a single groove. Based upon
the JLab studies [152] of response versus fiberbmsraur proposed arrangement of six fibers should
give both an enhanced signal and a highly unifesponse across the 10 cm width of the strips. Both
references [150] and [151] have shown that usingdresive to bond a fiber in a groove doubles $igna
yield relative to simply leaving an air interfa@&cron BC600 and Epon 815 have been shown to
perform well in this regard. We intend to furthetermine if applying a vacuum to the two-part
adhesive mixture provides an additional benefitdsyioving air trapped in the mixture. We already
know from preliminary bonding tests with Bicron agive that numerous, small air bubbles can appear
in the bonding layer if this is not done. Attemmisuse a UV adhesive to bond WLS fibers would have
the complication of the fiber absorbing the UV. Wae also that MINOS has shown a
10%enhancement by covering each bonded fiber wsth@aof reective Tyvek.

11.7Photomultiplier Tube and Signal Response

One year ago we were considering two photomultifligoes (PMT), both exhibiting a bi- alkali
response. These are the Hamamatsu R580-17 andyecerdly, the Hamamatsu R7400U metal
package PMT, in its various configurations.

1. Hamamatsu R580-17 PMT :

This is a standard 10-stage tube of 34 mm acti@evahich operates at 1750 V and has a rise tinzZe/of
ns. The label “17” indicates that it's photocathlgreen- enhanced to match the spectral emisdion
WLS fibers such as the Bicron BCF-92. It was tHeetused in reference [152] studies for their multi-
fiber investigations. This tube would require tienslard components of a tubebase, a mu-metal shield
and an HV power supply. A quotation was obtaineddmge quantities of this tube and its base.

2. Hamamatsu R7400U PMT :



The R7400U series is the world's smallest PMT mediimt a TO-8 metal package. It is an 8-stage
electron multiplier using metal channel dynodese tetal package has a 15 mm diameter and 10 mm
length, with an effective photocathode diamete8 aim. This can accommodate a bundle of up to 19
fibers 1.5 mm in diameter. A gain o710 is achieved at a nominal HV of 800 V. The compact
dynode structure accounts for a very fast respbo#ein rise time (0.78 ns) and fall time (1.15, 8

well as a short transit time spread of 0.23 ns. R#400U is the basic bi-alkali version with spelctra
response between 300 nm and 650 nm. An importaturie of this tube for our application is its
excellent immunity to modest magnetic field enviments. A field of 100 Gauss would reduce signal by
about 10%.

Photosensor Module H6780 integrates the R7400U avithlV power supply in a compact case that
provides flexible 1/0O cables. HV is controlled by external low voltage input. This module seemed a
prime candidate for the readout of embedded WL&$ibA quotation was obtained for Module H6780
in quantities of 700.

Within the past three months we have redirectecattention to a third tube which has distinct
advantages. We had the opportunity to meet with Yoghizawa, Section Chief Engineer of
Hamamatsu, who provides support for all high eng@igysics applications. At his suggestion we are
now looking at the Hamamatsu R5900U which offetsrgs the gain of the R7400U and has a window
which is not as delicate as that for the R7400U.HAk expressed a concern about how much pressure
the face of the R7400U could take from fibers at¢hthode, and it happens that this is an issuidbr
tube. Figurel1l.6 shows how we are planning to use the quadgromation R5900U-00-M4 which maps
out four separate anodes in a single miniaturedndgteode structure. Each sector will conveniently
handle the 18 Kuraray Y11 WLS fibers (1.5 mm dpdus a single optical fiber that can direct
calibration light from a LED calibrator. This is asonomical solution as well since high voltage is
common to the four sectors. This brings us closéhé MINOS design in that they also have selected
the R5900U, although in a different configurati@siginated R5900U- 00-M16. Recent e-mail from
Hamamatsu has provided data on the pressure resstdthe R5900U window. The fiber bundle can
bear directly on the window using 3 kg max. If dight guide at the end of the fiber bundle is uded
maximum pressure can be doubled. Since we intentbtot a separate manifold to gather and hold the
fibers just in front of each quadrant pressurehenphotocathode should be minimal. Tests of a thin
optical coupler between a fiber bundle and tubetaiidbe made.

This bi-alkali tube has a spectral response of @0®+nm which is a reasonable match to the emission
band of the Kuraray Y11 WLS fiber at 450-550 nm.shswn in Figurdl 1.6 the minimum effective
photocathode area of 318 mm is well matched to the task of acceptingl®ébers (1.5 mm diam.)
of a three-strip module at the face of a singledgaiat. In all a single tube can handle the outpdibar
modules. The common HV is 900 V, while the typigain is 2x 1(P. Like the R7400U this tube has a
very fast response. Anode pulse rise time is 1. @asTransit Time Spread(FWHM) is 0.32 ns.
Crosstalk between adjacenk® mnf aperture is 2%which should not affect our appiicagiven the
distance of the fibers from the interfaces betwssttors. Uniformity variations between each andde o
1-to-1.5 can be dealt with in the fast linear afigriifollowing each anode. Magnetic fields of 10uSa
are well tolerated. We intend to use the D TypekBbAssembly E7083 which provides separate 45 cm
long signal cables for the four anodes.

R & D studies of this tube in conjunction with JLsdintillator strips are scheduled within the cogin
month. Comparison will be made to the HamamatswORS8PMT which has the green-enhanced
response.



11.8 Assembly and Installation of a Two Layer Module

This arrangement is diagrammed in Figlile7 for a 55 cm assembly module. This module hotdk

layers of scintillators which are sandwiched betwslgeets of thin aluminum corrugated to capture the
staggered array of strips. A special extrusionauhasca will produce a rectangular PVC tube tiedps

to maintain strip separation within this modulesiBes confining the module the aluminum skin will

help to provide a light-tight enclosure for thengitiators, optical fibers, and photomultiplierso T
accommodate the latter two the aluminum sheetagiMance 20 cm beyond the readout end of the strips,
but only on one side. The other side will haveraaeable aluminum cove plate that serves as a light
seal when installation is completed. The final sizéhis two layer module will span 2.2 x¢%.9 m.

Figure 11.6: Quad Configuration of R5900U-00-M4

Figure 11.7: Spatial overlay design of scintillator strips

This size is convenient for mounting on the Unistrame shown in Figurgl.1. While in principle
these large modules can interlock with their neayiig modules, it remains to be seen whether this i
feasible with the aid of the hall crane. If nog tnodules themselves can be mounted in a staggered
pattern that overlaps them for full veto coverage.

Covering the bottom of the steel enclosure withdtiatillators is a more challenging task. In tides
view of Figurell.2 is shown a floor of steel, pallet-like struesiin two layers into which 55 cm
modules can be introduced. The load of the stedbsure and the detector solenoid bears upon the to
of this. This design is an alternative to a moamdard series of short vertical posts which pretieat
placement of scintillator modules.

11.9Calibration of Active CR Shield

During the half cycle of beam off cosmic ray muoffer a means of calibrating long term the readout
amplitude and timing of the smallest unit of theeacent strips in layer-1 of the CR Shield. Thibsee
strips are readout by a common PMT anode. In Z&y|@R event a coincident hit should occur in the
three-strip unit which forms the neighboring urfitayer-2. This calibration is quite useful becatise
event used for calibration is precisely the sigregdn by the detector during the beam on half cydie.
weak point in using this as a means of calibratimegShield is its inability to quickly recognizeleop-

off in response of individual strips. The threepstrassigned to a PMT quadrant should receive BI0-1
CR event in the half second of beam off. Cosmicfiagtuations are large enough that other means of
calibration are required for a fast indication@¢dlized detector failure.

For short-term calibration and timing checks duttimg beam off half cycle a pulsed N2 laser will be
used to access each strip scintillator by a fanbits UV photon flux. An optical fiber connectea the
far end of an individual strip will induce scingtbr light that then simulates a regular chargetiga
event. A member of our group has experience ineminting a similar pulsed N2 calibration system
for the Hall B trigger scintillators at TINAF.

Consideration is also being given to a means obtely drawing £°Co source across the sheet
aluminum enclosing the strips. This will requireet of such source systems to reach all regiotiseof
Shield. This has an advantage ovéi'@s source in that the two coincident gammas %o, 1.17



MeV and 1.33 MeV, can produce Compton signals i Isgintillator layers beneath the source. The
Compton Edge for the 1.17 MeV and 1.33 MeV gammea®®5 MeV and 1.1 MeV, respectively. The
probability of a Compton signal in a 1 cm thicksis 9%. Taking the fractional solid angles fottbo
layers and the probability for Compton events a&Z0source can generate a coincidence rate of about
300 Hz. This offers the possibility of testing tt@ncidence between layers as well as the signal
amplitude in individual layers.



Chapter 12 Data Acquisition

12.10Overview

The data acquisition system (DAQ) must accept riisvfiom the calorimeter and tracker systems, make
trigger decisions, build events, process poteptigkics events through a software filter and wddéa

to tape. This broad task must be accomplished witbignificant dead time and other sources of
inefficiency. While the instantaneous data rateslmaquite high, the rate at which data will betten

to tape is small compared to recent high energgipbyexperiments. A schematic diagram of the DAQ
system is shown in Figut.1.

Figure 12.1: Schematic overview of the MECO DAQ system

The data from the tracker and calorimeter are @see, digitized and fed into pipelines. Currernitlig
anticipated that the tracker signals will be diggtdi and scarified inside the vacuum in the vicinityhe
tracker volume before being transmitted to the DAIQwever, it is also possible to transport thekeac
signals outside before digitization. Significargalonic engineering research and developmentin th
first year of the project will be expended to exdé the pros and cons of both approaches. The DAQ
will be designed so that it will easily be ableattapt to either approach.

Upon receipt of a trigger, which is generated spanse to a significant deposition of energy ifuater
in the calorimeter, the appropriate slice of thgepned data is read out and sent through a reaiter
memory buffers. The memory buffers feed CPUs io@line processor farm, which build events and
process them. Events that pass loose softwarevdlitse written to tape. It is expected that ak ttata
routed to the CPU will be processed in real tinmgl @ne filter should help reduce the total date tat
be written to tape by an order of magnitude.

12.2Digitization

The tracking detector consists of 16 assemblietrafvs and pads. Each assembly contains ~200 straw
channels and ~1200 pad channels. These channklsevteprocessed in the vicinity of the chamber in
the cryostat with a preamplifier/shaper circuitbSequently an amplified analog signal and a fast
discriminator signal for timing will provide puldeight and timing information for tracking analydis

is currently envisioned to carry out this procesthie cryostat. A digital train of sparsified sighwill

be provided, that can be handled by a digital pigeh preparation for readout.

The calorimeter consists of 4 assemblies, eachagong 500 crystals. The light output of each ca/st
collected by an avalanche photodiode and senpteamplifier/shaper circuit. The output of the strap
is driven to two different locations: a summingcait that forms the basis of the primary trigged a@m
analog to digital converter (ADC) circuit that wiirm the basis for an accurate measurement ofygner
The summing circuit feeds a trigger processor pnatides the main trigger for the experiment.



12.2.1ADCs

The output of the summing circuits will provide ghlly 200 channels, that are overlapping energy sums
of 5 x 5 arrays of crystals. The trigger threshold wélgdet to roughly 80 MeV. The trigger rate rises
dramatically when the energy threshold is lowefidte sampling rate should be fast enough (~50 ns) so
that there is negligible contribution from pileupise. Moderate resolution (~5%) and high speedhveill
required for the digitization process.

20-100 MHz 6-8-bit ash-ADCs would be required tagaut this task. The minimum speed and
resolution required will depend on many differeattbrs. The path to an optimum system will probably
be to isolate the appropriate ADC chip and therettgwvan ADC VME board incorporating the chip that
is customized to the specific needs of the exparint&efore launching on this project however, emgpt
ADC board designs for currently running high enegpgysics experiments will be studied to investigate
whether they are suitable for this application.

There are 2000 crystals in the calorimeter and eagtal will have two photodiodes, providing 4000
channels to be digitized for the measurement ofggnef electron shower clusters . Better than 1%
energy resolution is desirable in order that thggtidiation process contributes negligibly to thewll
energy resolution. For this application, a 20-50 28410 bit ADC is envisioned, which will feed an
digital pipeline.

It is also possible to devise a system where tloégaliode outputs, after proper shaping and ampisat
feed an analog pipeline. This would allow reductimthe total number of required ADC channels and
reduce the requirement of very high speed for theizhtion process. A detailed comparison of both
approaches will be carried out before a final ceascmade.

12.2.2Pipeline

The rate of hits in the straw tubes in the trackexpected to be about 500 kHz. The primary plsysic
trigger, generated by an energetic cluster in #ieroneter, is expected to be dominated by physics
events from muon decay in orbit. The history of slraw tubes 150 to 200 ns before the cluster showe
in the calorimeter carries the information abouwt titack that generated the cluster. Within 20(Gabhsut
10% of the straws and a small fraction of crystdlshave hits and must be read out. The padsen th
physical vicinity of the nearest straws will als® tead out.

The employment of a pipeline scheme is ideal fa $lgstem to avoid dead time during readout and to
reduce the overall data rate. The pipeline willdhawstep size of ~25 ns and will be about 10 spdkp,
~15us. The architecture and design of the digital aernth@ps analog pipeline schemes are
straightforward to implement using existing teclogyl.

12.3Level-1 Trigger

In order to process the primary trigger, the outifuhe crystals will be grouped into overlappingrs
of 25 crystals each and then summed. There arapwmaches to evaluating this trigger sums and
generating a trigger that depend on the parametene digitization process as well as the time
available to make a trigger decision.



If one assumes that there isuslavailable for a trigger decision, one could digitat a very high rate
that allows a sufficient analysis of the crystabwir shape in time as well as for total energis then
straightforward to figure out the appropriate tighee to read out from the tracker and calorimeter
pipelines.

Another approach would be to digitize at a lowee i@nd still generate a very fast trigger decistdi)0
ns. The signal from the calorimeter could be preed<o generate a fast timing pulse followed 100 ns
later by an integrated signal proportional to tht@ltenergy deposition. The timing signals could be
compared to the standard response of a crystastowaer, which would allow a decision+25 ns.

This in turn could be used to gate an integratibfZAfand adder circuit that would provide the total
energy deposited into each array. This approachlghoe able to provide a trigger decision withir®10
ns.

Apart from the primary physics trigger, there viié several other triggers at lower rate that vall b
employed. These triggers will help in routine tasish as crystal calibration, cosmic backgrounds,
straw chamber calibration. In addition, an energgger at lower threshold will be employed with a
prescale factor to study inefficiencies.

12.4 Software Filter

Upon receipt of a trigger, the data is fed throagluter to memory buffers. Given the anticipatid h
patterns from physics processes as well as altsswof noise, after zero suppression the datantate

the memory buffers is expected to be 20 Mbytedis. data from memory buffers are loaded into CPUs
in the online processor farm. For the anticipatdds, current technology in memory buffering andJCP
speed is more than adequate to ensure the progessif0% of the data without any significant dead
time.

12.4.10nline Software

The offline reconstruction program will provide timost efficient algorithm to find a reconstructed
track from the tracker matched to a given clustiaghe calorimeter. A simplified version of this
algorithm will be employed in the software filtemlme. It will be possible to obtain ~1% resolution
the momentum of tracks in the vicinity of the exjgelcsignal of muon-electron conversion with an
algorithm that uses far less CPU time than thaneffeconstruction.

Tracks will be reconstructed by using all combioasi of Xy and z clusters and treating them
independently. First, one obtains good circles ftbenxy clusters and then one tries to find godtkhe
tracks by incorporating the z clusters. Events plaats loose selection criteria for the goodnesiseof
circle and helix fits are sent to a more CPU inten§tter that produces a track momentum with d&rett
resolution, which is then compared to the energy ciuster in the appropriate time and space window
in the calorimeter.

Even without drift time corrections and pulse hejghis found that the dead time from simulatee e
merged with noise hits provide no significant aditto the accepted number of tracks. Thus, the
software filter can be used to eliminate a subgthfiaction of physics events that do not _t thégrn



of electrons from muon decay in orbit. Some frattd the data will be passed through unfiltered in
order to provide a crosscheck of the efficiencyhef algorithm.

Apart from physics event reconstruction, the ono#iware must incorporate crystal and straw
calibrations, monitor dead and noisy channels aaditor cosmic background.

12.4.2Processor Farm

Each event is built around the primary trigger anitibe assigned to one CPU in the processor féirm.

is anticipated that a farm consisting of 100 1 Girzcessors can easily handle the tasks descriltéé in
previous section. The accepted events will categdras DIO electrons, calibration data, cosmic data
etc. The data will be routed to specific tape d&sif@ permanent storage.



Chapter 13 Infrastructure

The physical infrastructure needed for the MECOeeixpent requires structural modifications to the
experimental area. This consists of three buildiogsouse: the front-end electronics, the experittaen
operations staff, and the compressors for the @yimgefrigeration system. The electronics house is
building on the AGS floor adjacent to the experitnéirhouses and provides the required cooling for
high power fast electronics that must be kept aselproximity to the detector. The proposed locatib
the electronics house is shown in Figli8l. A building adjacent to the AGS experimentabas
required to house the compressors needed for tee@ds' cryogenic refrigeration system. Such a
building exists and the cost for refurbishing itrisluded in the Infrastructure (WBS 1.10) estinsate
The counting house contains high level trigger anithe computing hardware. The MECO experiment
will be operated primarily from this building. Tlesbosen building, Building 966, is 1000 sq. ft. rea
and has a separately cooled room for housing theeoprocessing farm.

Figure 13.1: The proposed location of the MECO electronicBouse; in close proximity to the detector solenoid



Chapter 14 Cost and Schedule

In this chapter we summarize the estimated cossahddule of the MECO project including
engineering and design, construction or procurenatt installation. These estimates are preliminary
A baseline cost estimate and resource-loaded sthéafall subsystems will be established followang
technical review of the project.

All work required for the MECO construction projestorganized into a work breakdown structure
(WBS) that completely defines the scope of work @nedproject deliverables. A complete WBS
Dictionary describing each item is contained inTZable14.1 and Tablé4.2 list all the top level (level
2 and 3) WBS items along with their associatedscotble ?7? lists the high level milestones assetia
with each level 2 WBS item.

14.1Estimated Costs

The costs listed in Table4.1 and Tabld4.2 include all materials and all technical persarsalary

costs associated with items in the MECO project WB#%® total (level 1) cost rollup is listed at the
bottom of Tablel4.2. Salary support for scientists (faculty, posg]j graduate students, etc.) is included
only in exceptional cases. Examples of exceptioashe salaries of the MECO project manager and the
BNL liaison physicist, and the salaries of undedgigte students hired as technicians to construct
apparatus. In general non-salary expenses fort&te(travel, computing resources, supplies, ei®)

not included in the project cost.

Base cost estimates and appropriate contingenclydns are generated at the most detailed levitleof
WBS and summed to the top levels shown in the safilee contingency percentages are calculated for
each item based upon an assessment of the designtynand the technical, cost, and schedule risks
associated with that item using a standard teclenigscribed in ??. All estimates are in FY2001 U.S.
dollars. The anticipated funding profile from th&RNand estimated MECO project cost is shown in
Table14.3 as a function of fiscal year.

To the extent that it is practical, large capitatghases have been assumed to be made through a
university group. These include some items thanarenally purchased at the laboratory (shielding,
beam line devices, etc.). This approach servednomze indirect charges on materials and supplies.
the present cost estimates, only costs associatedBNL have been assigned to a definite institutio
all other cases we have use a “Composite Univérsibel and generic indirect rates. This refletis t
fact that detailed task assignments to the coliy institutions for each subsystem have yetto b
finalized, with the exception of work in and arouhé accelerator that only lab personnel can cauty

Table 14.1: A summary of MECO project costs (in FYO1 do#rs) at WBS level 3 for WBS 1.1 through 1.5

WBS WBS Description Base | Cont.| Total
Number Cost (k$)| (%) | Cost (k$)
1.1 AGS Moadifications and Studieg 1386.8| 50.6| 2088.1
1.1.1 Internal Kickers 878.8 22.0| 1072.1
1.1.2 Machine Development 508.000.0/ 1016.0
1.2 Proton Beamline 5185.1 22.6| 6356.3




1.2.1 Beam Optics Design 0.0 0.0 0.0
1.2.2 External Kicker 944.3 41.8| 1338.9
1.2.3 Lambertson Magnets 329.022.0 401.4
124 B Line Modifications 3812.2 17.8| 44915
1.2.5 Extinction monitor 99.6 25.0 124.5
1.3 Production Target and Shield 1351.7 28.8| 1740.7
131 Target Systems 256.035.7 347.4
1.3.2 Heat and Radiation Shield 780.121.2 945.1
1.3.3 Production Strongback 315.642.0 448.2
1.4 Superconducting Solenoids 23124(7 31.0| 30300.4
1.4.1 Engineering Design 3500.030.0f 4550.0
1.4.2 Coils 4672.2 30.0| 6073.9
1.4.3 Cryostats 83129 30.0| 10806.8
144 Refrigerator 4045.2 30.0| 5258.8
1.45 Power and Controls 594.130.0 772.3
1.4.6 Installation 808.8 30.0/ 10515
1.4.7 Project Oversight 1191(550.0f 1787.2
15 Muon Beamline 1920.0 29.3| 2483.0
151 Vacuum System 562/8 20.0 675.4
1.5.2 Collimators 114.8 29.0 148.0
153 Muon Stopping Target 42,940.0 60.0
154 Stopping Target Monitor 68/015.3 78.4
155 Detector Shields 113,340.0 158.6
1.5.6 Muon Beam Stop 343(135.0 463.2
1.5.7 Be Vacuum Window 61.6 37.0 84.4
1.5.8 Neutron Absorbers 428.528.0 548.5
1.5.9 Detector Support Structures 185.44.0 266.5

By far the largest level 2 item is the system oééhsuper-conducting solenoids (WBS 1.4) at 46% of
the total project cost with contingency. The badithe cost estimate for this system is a cost and
schedule review prepared by the National High M#grieeld Laboratory (NHMFL) ??. For the coils,
guotes were obtained by NHMFL from industry; we dnéaken the mean of these estimates fora 3.3 T
maximum field, scaled it up by to the cost of a B.aximum field by the stored energy and taken a
30% contingency. Theryostatandassemblycost is based on the NHMFL design and assembly
procedure. An estimate was obtained by NHMFL frooompany experienced in the assembly of large,
complicated vacuum vessels. NHMFL estimated thegdeost as ~10% of the coil and cryostat cost.
At the recommendation of reviewers, we have in@eédkis fraction to 20% of the material costs. 8inc
the magnets are fully assembled in the cryostairbefhipping to BNL, cost of the final installatiah
BNL is rather modest. The cost of ttedrigeratar system is estimated by NHMFL from contacts with
experts at Thomas Jefferson Laboratory. It is dateith by the cost of the cold box and compressors.
Assembly and installatiocosts are also estimated by these experts. A @araleDesign Report for the
solenoids is currently under development by MITasa Science and Fusion Center. That report,
scheduled for completion prior to the end of 200il,include a detailed cost and schedule estimate.

Table 14.2: A summary of MECO project costs (in FYO1 do#rs) at WBS level 3 for WBS 1.6 through 1.11

Total
Cost (k$)

Cont.
(%)

WBS
Number

WBS Description Base

Cost (k$)




1.6 Tracking Detector 2006.9 83.3 3678.3
1.6.1 Chamber 746.8| 31.4 980.9
1.6.2 Electronics 882.9| 152.5 2229.2
1.6.3 Gas System 174.0) 20.0 208.8
164 Mounting system 1042 34.0 139.6
1.6.5 Installation 44.7| 22.0 54.6
1.6.6 HV System 54.3| 20.0 65.2
1.7 Electron Calorimeter 2963.1 110.2 6229.6
1.7.1 Crystals 770.0| 250.0 2695.0
1.7.2 Photodetectors 295.0250.0 1032.5
1.7.3 Electronics 1063.1 31.2 1395.3
1.7.3 Electronics 1063.1 31.2 1395.3
1.7.4 Calibration and Monitoring 3041 30.0 395.3
1.7.5 Mechanical Support Structure 151.334.0 202.7
1.7.6 Cooling System 169/5 34.0 227.2
1.7.7 System Testing, Assembly, and Installation 0.21 34.0 281.5
1.8 Cosmic Ray Shield 2744.1 24.5 3417.1
1.8.1 Passive Shield 1522.4 29.1 1965.4
1.8.2 Active Shield 1222.3 18.8 1451.7
1.9 Data Acquisition and Online Computing 2177.0 22.6 2669.8
19.1 Data Acquisition 14864 26.9 1886.6
1.9.2 Level 1 Trigger 463.6 20.0 556.3
1.9.3 Online Computing 227/0 0.0 227.0
194 Reconstruction Software Q.0 0.0 0.0
1.10 Infrastructure 727.8| 16.0 844.2
1.10.1 Electronics House 401.0 16.0 465.2
1.10.2 Counting House 59|14 16.0 68.9
1.10.3 Refrigeration Compressor Building 26)/.316.0 310.1
1.11 Project Management and Administration 4267.3 345 5737.6
1.111 Project Management 2274.940.9 3205.0
1.11.2 MECO - BNL Liaison 1643.7 25.0 2054.7
1.11.3 RSVP Office 348.7 37.1 478.0
MECO Total 47855.2] 37.0] 65545.0

Table 14.3: The anticipated NSF funding profile for MECOfor the five year duration of the project and the stimated
project costs for each fiscal year. Note that theatter do not include contingency. Units are milliois of FYO1 U.S.
dollars.

Fiscal Year 2002 2003| 2004| 2005| 2006| Total
Budget Projection [FY01 $M] 12.4 19.9| 175 114 46| 65.8
Cost Estimate [FY01 $M] 8.0 16.8| 16.3 5.6 1.0| 47.9

The next largest contribution to the project castSable14.1 and Tablé4.2 is the proton beamline
(WBS 1.2) work, which is dominated by the effortrédurbish the existing AGS “B” extraction line.
Tasks include; removal of existing equipment, refsliment of existing magnets and power supplies,
and installation of shielding, services, and beaomitoring instrumentation. New vacuum, safety, and
security systems are required as well. BNL Collidecelerator Department (CAD) engineers have
specified the details of each of these tasks amah&®d their associated costs to WBS levels 56aimd
many cases. There comparatively modest 17.8% amrigy applied to this item has been calculated



according to the nominal risk assessment methoerGhe extensive CAD experience with these tasks,
the contingency allocation appears appropriatee Nwit the beamline design effort is carried ouaby
collaborating physicist and as such it entails ost ¢o the project.

The electron calorimeter (WBS 1.7) cost is simitathat for the proton beamline. In this case & ¢s
driven by the crystals and the avalanche photodi¢d®Ds) used to detect the scintillation light in
those crystals. The contingency percentage for bbthese items is 250%. For the crystals (WBS1).7.
this contingency spans the cost range between RH$8cc) and BGO ($9/cc) plus an additional 50%
to cover BGO price and exchange rate variationstii®APDs (WBS 1.7.2) the large contingency
reects the wide range in APD price depending upemature of their procurement. As costed the APD
price assumes that MECO places its order suchttfaiows immediately on the heels of a large arde
placed by the CMS experiment at CERN. In that evemssetup charge is incurred and the per uniepric
reects the volume purchased by CMS. If we are @ntbplace the APD order before the end of
production of the CMS APDs, then we must coverstieip costs separately and the volume of the order
is substantially lower. The 250% contingency covbesadditional costs for the latter scenario.

Project management contributes $5.7M to the totgkept cost. This is driven by salary support foe t
project manager, the chief electrical and mechéeitgineers (at 50% time each), the cost and sdébedu
manager, and an administrative assistant. Thisisdisted as covering four years with 25%
contingency to cover an additional year and 25%ingancy to cover salary uncertainties. The chief
engineers are listed at 50% time in handling ptapéfcce duties under the assumption that they are
contributing to the overall engineering effort fbe remaining 50% of their time. The chief mechahic
and electrical engineers are the system integrétafs for their respective tasks, thus it seekaetyli

that they will seek to contribute to the enginegrffort at the many system interfaces in MECO. The
cost of the that effort is therefore covered inmas WBS categories as part of the engineeringrlabo
each item.

14.2Schedule

The goal is to complete the modifications to theSA@d build the new proton and muon beamlines and
the detector apparatus in time for first beam emgineering running near the end of the FY06 slow
extracted beam (SEB) AGS run. Full-scale produatioming will commence with the FYO7 SEB run,
presently schedule for October of 2006. Projecestines to meet this schedule are shown in Table
14.4 and Tabld4.5. Gantt charts of the schedule at a more éetélel are shown in Figufet.1

through Figurel4.12.

The critical path is clearly the superconductingsoids (WBS 1.4). The schedule estimate for this
system is based initially upon a draft schedulevigled by the NHMFL ?7?. That schedule has
subsequently been modified and further fleshedloough consultation with several individuals hayin
experience in large magnet construction projecéswAs stated for the solenoids' cost estimate above
the Conceptual Design Report currently being preghély MIT's Plasma Science and Fusion Center will
include a detailed schedule for this effort.

The schedules for the detector apparatus showmasthat both the Tracker (WBS 1.6) and the
Calorimeter (WBS 1.7) are installed on a suppaticstire in such a way that they can be fully cahipd
and under test well before the detector solenoiasislled. The support structure, which includes t
muon beam stop and the downstream endplate obdraic ray shield, will then roll-in once the magnet
is installed, without requiring disconnection aedannection of the pre-installed detectors. In\Way



the lengthy installation and channel debuggingréffthat one might anticipate for the Tracker and
Calorimeter can be completed in parallel with tbkesoid assembly and installation effort. Given the
complicated nature of this support system we haneeted the very limited engineer resources culyent
available to us to develop this structure.

One area of significant concern that the schedtdengts to address is determining the extent of the
beam extinction achieved using both the interndl external kicker systems. The present schedule
shows the internal kicker construction and instaltacomplete in time to conduct dedicated AGS
studies during the FY03 SEB run. Similarly the geab complete the installation of both the ex#érn
kicker and the upstream end of the proton beansiiod that we can test the external system duriag th
latter part of the FY04 SEB run. At present we hawebeen able to compress the proton beamline
schedule sufficiently to achieve this goal, butaeatinue to work with AGS planners to make that
happen.

Table 14.4: Major Milestones in the MECO construction prgect. Dates assume an FY02 project start

Milestone Projected
Date
1.1 AGS Modifications and Studies
Internal Kickers Design Effort Start 10/1/01
Internal Kickers Ready for Studies 12/20/02
Extinction with Internal Kicker Measured 4/6/03
Extinction with External Kicker Measured 4/1/04
1.2 Proton Beamline
Beam Optics Design Complete 12/31/91
External Kicker Installation Complete 5/26/04
Lambertson Magnets Ready 10/15/Q3
Proton Beamline Complete 2/25/05
1.3 Production Target and Shield
Target Design Completed 11/22/0p
Procure Manufactured Target 11/25/02
Mounting System Design Completed 12/6/02
Handling and Storage System Design Complete a2/6/
Shield Design Complete 7/18/03
Production Target Available for Beam Testing 4023
Strongback Roll-in 11/1/05
1.4 Superconducting Solenoids
Contract Award to Fabrication Vendor 6/7/02
Engineering Design Complete and Signed-off 3/34/0
Conductor Fabrication Complete 8/29/03
Cryostat Fabrications Complete 1/14/05
Solenoid Installation Complete 12/15/06
Solenoid Testing Complete 2/9/06
1.5 Muon Beamline

Table 14.5: Major Milestones in the MECO construction prgect. Dates assume an FY02 project start

Milestone Projected
Date




1.6 Tracker
Prototype Manifold Test Complete
Prototype Resistive Chamber
Prototype Full Length Vane Prototype
Complete Tracker Installed on Support Structure
Tracker Roll-in

1.7 Calorimeter
Crystal Type Selected
Nine Channel System Test Begins
128 Channel System Test Begins
Production Crystal Procurement Begins
Production Crystal Procurement Complete
Production Procurement of APDs Begins
Production Procurement of APDs Complete
Complete Calorimeter Installed on Support Stmec

Calorimeter Roll-in
1.8 Cosmic Ray Shield
Passive Cosmic Ray Shield Complete

Scintillator Modules Completed
Cosmic Ray Shield Installed
1.9 DAQ and Online
1.10 Infrastructure
Electronics House Ready
Counting House Ready

Prototype Scintillator Module Complete

11/1/02

7/1/02

1/1/03
/1/0b
1/1/06

7/1/02
3/1/02
1/13/03
6/2/03
9/30/04
6/2/03
9/30/04

[ 2/29/04

1/1/06

1/31/06
10/1/02
7/30/04
1/31/06

9/29/03
9/1/03
9/29/04

Refrigerator Compressor Building Ready

WBS Task Name

1.1 AGS Modifications and Studies
1.1.1 Internal Kickers

1.1.1.1 AC Dipole

1.1.1.1.1 Magnet

1.1.1.1.1.1 Design

1.1.1.1.1.2 Fabrication & Assembly
1.1.1.1.1.3 Installation

1.1.1.1.2 Water Cooling
1.1.1.1.2.1 Design

1.1.1.1.2.2 Fabrication & Assembly
1.1.1.1.2.3 Installation

1.1.1.1.3 Controls

1.1.1.1.3.1 Design

1.1.1.1.3.2 Fabrication & Assembly
1.1.1.1.3.3 Installation

1.1.1.2 Kickers

1.1.1.2.1 Strip Lines

1.1.1.2.1.1 Design

1.1.1.2.1.2 Fabrication & Assembly



1.1.1.2.1.3 Installation

1.1.1.2.2 Pulsers

1.1.1.2.2.1 Design

1.1.1.2.2.2 Procurement

1.1.1.2.2.3 Installation

1.1.1.2.3 Low Level Electronics
1.1.1.2.3.1 Design

1.1.1.2.3.2 Procurement & Assembly
1.1.1.2.3.3 Installation

Internal Kickers Design Effort Start
Internal Kickers Design Complete
Internal Kickers Ready for Studies
1.1.2 Machine Development

1.1.2.1 8 GeV Extraction Studies
1.1.2.2 Bunch Intensity Studies
10/1/01

4/25/02

12/20/02

1 H2 H1 H2 H1 H2 H1 H2 H1 H2 H1
2002 2003 2004 2005 2006

Figure 14.1:Draft version of the complete MECO schedule-pggel

WBS Task Name

1.1.2.3 Extinction Studies

Extinction with Internal Kicker Measured
Extinction with External Kicker Measured
1.2 Proton Beamline

1.2.1 Beam Optics Design

Beam Optics Design Complete

1.2.2 External Kicker

1.2.2.1 Design

External Kicker Design Effort Start
External Kicker Design Complete
1.2.2.2 RF Power Supply

1.2.2.3 Controls, Matching Network
1.2.2.4 Cables

1.2.2.5 Capacitors

1.2.2.6 Tanks / Stands

1.2.2.7 Stripline Magnet

External Kicker Ready

1.2.3 Lambertson Magnets

1.2.3.1 Thin Lambertson

1.2.3.1.1 Engineering

1.2.3.1.2 Design

1.2.3.1.3 Fabrication

1.2.3.1.3.1 Core Fabrication

1.2.3.1.3.2 Caoll

Thin Lambertson Coil Contract Awarded



1.2.3.1.3.3 Fabricate Stand
1.2.3.1.3.4 Misc Materials
1.2.3.1.4 Assembly

1.2.3.1.5 Rigging

1.2.3.1.6 Magnet Measurements
1.2.3.2 Thick Lambertson
1.2.3.2.1 Engineering

1.2.3.2.2 Design

1.2.3.2.3 Fabrication

4/6/03

4/1/04

12/31/01

10/1/01

8/30/02

8/1/03

8/15/02

1 H2 H1 H2 H1 H2 H1 H2 H1 H2 H1
2002 2003 2004 2005 2006

Figure 14.2:Draft version of the complete MECO schedule-pge?2

WBS Task Name

1.2.3.2.3.1 Core Fabrication

1.2.3.2.3.2 Coill

Thick Lambertson Coil Contract Awarded
1.2.3.2.3.3 Fabricate Stand

1.2.3.2.3.4 Misc Materials

1.2.3.2.4 Assembly

1.2.3.2.5 Rigging

1.2.3.2.6 Magnet Measurements

Lambertson Magnets Design Effort Start
Lambertson Magnets Design Complete
Lambertson Magnets Ready

1.2.4 Beam Line

1.2.4.1 Equipment Removal

1.2.4.1.1 Remove B/C Side Wall Equipment
1.2.4.1.2 Remove B1 & B2 Exp Equipment
1.2.4.1.3 Disconnect 37 Magnets & Components
1.2.4.1.4 Remove 37 Magnets & Components
1.2.4.1.5 Remove Power & Tray

1.2.4.1.6 Remove PS's

1.2.4.1.7 Remove Fences, Stairs etc
1.2.4.1.8 Rad Material Disposal

Equipment Removal Complete

1.2.4.2 Power Supplies

1.2.4.2.1 Refurbish Power Supplies
1.2.4.2.1.1 Refurbish PS's

1.2.4.2.1.2 PS Materials

1.2.4.2.2 Installation & Hook-up of Power Supplies



1.2.4.2.2.1 Modify PS Platforms
1.2.4.2.2.2 AC 262MCM

1.2.4.2.2.3 AC 535MCM

1.2.4.2.2.4 AC Cable Tray Installation
1.2.4.2.2.5 Rig Power Supplies
1.2.4.2.2.6 AC Hook-up

1.2.4.2.3 Magnet Monitor

9/30/02

2/1/02

8/29/02

10/15/03

2/18/03

1 H2 H1 H2 H1 H2 H1 H2 H1 H2 H1
2002 2003 2004 2005 2006

Figure 14.3:Draft version of the complete MECO schedule-pge3

WBS Task Name

1.2.4.2.3.1 Design

1.2.4.2.3.2 Hardware

1.2.4.2.3.3 Assembly & Installation
1.2.4.2.4 Run & Test Power Supplies
1.2.4.2.4.1 Run & Test PS's

Power Supplies Ready

1.2.4.3 Magnets

1.2.4.3.1 Refurbish Magnets
1.2.4.3.1.1 Refurbish Magnets
1.2.4.3.1.2 Magnet Refurbishing Started
1.2.4.3.1.3 Magnet Refurbishing 50% Complete
1.2.4.3.1.4 Magnet Refurbishing Complete
1.2.4.3.1.5 Rig Magnets

1.2.4.3.1.6 Magnet Materials
1.2.4.3.1.7 Pre-Survey Magnets
1.2.4.3.2 Magnet Installation
1.2.4.3.2.1 Install New Magnets, etc
1.2.4.3.2.2 Survey Magnets

1.2.4.3.3 Magnet DC Hook-up
1.2.4.3.3.1 DC 535MCM

1.2.4.3.3.2 DC 250MCM

1.2.4.3.3.3 DC Tray Installation
1.2.4.3.3.4 Magnet Hook-up
1.2.4.3.3.5 Magnet Hook-up Materials
Magnet Installation Complete

1.2.4.4 Shielding

1.2.4.4.1 Shielding Design

1.2.4.4.2 Remove Roof Shielding
1.2.4.4.3 Modify B/C Side Wall

B/C Side Wall Complete

1.2.4.4.4 Procurements



1.2.4.4.4.1 Lt Concrete Side Wall
1.2.4.4.4.2 Purchase SEG Shield Blocks
1.2.4.4.4.3 Heavy Concrete for Target Area
8/17/04

10/1/02

1/5/03

5/15/03

5/25/04

9/10/02

1 H2 H1 H2 H1 H2 H1 H2 H1 H2 H1
2002 2003 2004 2005 2006

Figure 14.4:Draft version of the complete MECO schedule-pge4

WBS Task Name

1.2.4.4.4.4 Custom Port Blocks
1.2.4.4.4.5 Borated Blocks

1.2.4.4.4.6 Floor Blocks

1.2.4.4.4.7 Wall Blocks to Raise Roof
1.2.4.4.5 Install West Side Wall & Beam Stop
West Side Wall & Beam Stop Complete
1.2.4.4.6 Install Up-Stream Roof
1.2.4.4.7 Install Temp Roof

1.2.4.4.8 Modify Shielding for Kicker
1.2.4.4.8.1 Rig Shielding

1.2.4.4.8.2 Remove/Install Roof
1.2.4.4.8.3 Equipment Disc/Re-Connect
External Kicker Installation Complete
1.2.4.4.9 Remove Temp Side Wall & Roof
1.2.4.4.10 Install Side Wall

1.2.4.4.11 Install Down-Stream Roof
1.2.4.5 Electric & Tray

1.2.4.5.1 New Cable Tray

1.2.4.5.2 Misc Lights & Power Distribution
1.2.4.6 Cooling Water

1.2.4.6.1 Pump Skid Design

1.2.4.6.2 Pump Skid Engineering
1.2.4.6.3 Pump Skid Purchase
1.2.4.6.4 Water System Materials
1.2.4.6.5 Install Cooling Water System
1.2.4.7 Vacuum

1.2.4.7.1 Vacuum Engineering

1.2.4.7.2 Vacuum Design

1.2.4.7.3 Vacuum - Fabrication
1.2.4.7.4 Vacuum - Material

1.2.4.7.5 Vacuum Installation

1.2.4.8 Instrumentation & Controls
1.2.4.8.1 Instrumentation - Scientist
1.2.4.8.2 Instrumentation - Engineering



3/2/04

5/26/04

1 H2 H1 H2 H1 H2 H1 H2 H1 H2 H1
2002 2003 2004 2005 2006

Figure 14.5:Draft version of the complete MECO schedule-pge5

WBS Task Name

1.2.4.8.3 Instrumentation - Design
Instrumentation Engineering & Design Comple
1.2.4.8.4 Procurement

1.2.4.8.4.1 SWICS

1.2.4.8.4.2 Flags

1.2.4.8.4.3 Video

1.2.4.8.4.4 Secondary Emission Chamber
1.2.4.8.4.5 Loss Monitors

1.2.4.8.4.6 Timing & Signal Distribution
1.2.4.8.5 Instrumentation - Technician
1.2.4.8.6 Controls

1.2.4.9 Security System

1.2.4.9.1 Security System - Engineering
1.2.4.9.2 Security System - Design

1.2.4.9.3 Security System - Materials

1.2.4.9.4 Security System - Installation
1.2.4.10 Fire Detection, ODH & Dehumidification
1.2.4.10.1 Oxygen Deficiency Hazard Protection
1.2.4.10.1.1 ODH Classification & Engineering
1.2.4.10.1.2 ODH System Design

1.2.4.10.1.3 ODH - Materials

1.2.4.10.1.4 ODH - Installation

1.2.4.10.1.5 ODH - Installation

1.2.4.10.1.6 Install Exhaust Fans

1.2.4.10.2 Dehumidification

1.2.4.10.2.1 Dehumidification - Engineering
1.2.4.10.2.2 Dehumidification - Design
1.2.4.10.2.3 Dehumidification - Procurement
1.2.4.10.2.4 Dehumidification - Installation
1.2.4.10.3 Fire Detection

1.2.4.10.3.1 Fire Detection Engineering & Design
1.2.4.10.3.2 Fire Detection - Materials
1.2.4.10.3.3 Fire Detection - Installation

1.2.5 Extinction monitor

10/18/02

1 H2 H1 H2 H1 H2 H1 H2 H1 H2 H1

2002 2003 2004 2005 2006

Figure 14.6:Draft version of the complete MECO schedule-ge6

WBS Task Name



1.2.5.1 Detectors

1.2.5.2 Electronics

1.2.5.3 DAQ

Proton Beamline Complete

1.3 Production Target and Shield

1.3.1 Target Systems

1.3.1.1 Production Target

1.3.1.1.1 Design Using Simulations
1.3.1.1.2 Emissivity Coating Tests
1.3.1.1.3 Beam Tests

Target Design Completed

1.3.1.1.5 Procure Manufactured Target
1.3.1.2 Mounting System

1.3.1.2.1 Engineering Design

1.3.1.2.2 Mounting System Design Completed
1.3.1.2.3 Fabrication and Assembly
1.3.1.3 Handling & Storage System
1.3.1.3.1 Engineering Design

1.3.1.3.2 Handling and Storage System Design Comple
1.3.1.3.3 Fabrication and Assembly

1.3.2 Heat and Radiation Shield

1.3.2.1 Engineering Design

1.3.2.2 Shield Design Complete

1.3.2.3 Procure Materials

1.3.3 Production Strongback

1.3.3.1 Engineering Design

1.3.3.2 Fabrication & Assembly
Production Target Available for Beam Testing
Strongback Roll-in

1.4 Superconducting Solenoids

1.4.1 Preparation for Construction

1.4.1.1 Formal Review of CDR

1.4.1.2 RFP for MECO Magnet Fabrication
1.4.1.3 Negotiate--Issue Contract for Phase |--@resi
2/25/05

11/22/02

12/6/02

12/6/02

7/18/03

4/23/04

11/1/05

1 H2 H1 H2 H1 H2 H1 H2 H1 H2 H1

2002 2003 2004 2005 2006

Figure 14.7:Draft version of the complete MECO schedule-ge7

WBS Task Name
Contract Award to Fabrication Vendor
1.4.2 Phase | Solenoid Engineering Design



1.4.2.1 Magnet Design

1.4.2.2 Cryogenic System and Cryostats
1.4.2.3 Power Control and Instrumentation Sys
1.4.2.4 Vacuum System

1.4.2.5 Conductor Fabrication Equipment
1.4.2.6 Installation and Radiation Issues
1.4.2.7 Experiment Interface

1.4.2.8 Review Engineering Design
Engineering Design Complete and Signed-off
1.4.3 Phase Il Solenoid Construction
1.4.3.1 Conductor

1.4.3.1.1 Obtain SSC Cable and Copper
1.4.3.1.2 Order/Setup Conductor Fab. Equipment
1.4.3.1.3 Fabricate Conductor

Conductor Fabrication Complete

1.4.3.2 Coils

1.4.3.2.1 Manufacturing Design

1.4.3.2.2 Fabricate Colil Structures
1.4.3.2.3 Wind Coils

1.4.3.2.4 Assemble Individual Solenoids
1.4.3.2.5 Install Solenoids in Cryostats
1.4.3.2.6 Test Individual Solenoids

1.4.3.3 Cryostats

1.4.3.3.1 Manufacturing Design

1.4.3.3.2 Fabrication

Cryostat Fabrication Complete

1.4.3.4 Refrigerator

1.4.3.4.1 Manufacturing Design

1.4.3.4.2 Fabrication

1.4.3.5 Power, Control, and Instrumentation
1.4.3.5.1 Final Design

1.4.3.5.2 Fabrication

6/7/02

3/14/03

8/29/03

1/14/05

1 H2 H1 H2 H1 H2 H1 H2 H1 H2 H1

2002 2003 2004 2005 2006

Figure 14.8:Draft version of the complete MECO schedule-pe8

WBS Task Name

1.4.4 Installation at BNL

1.4.4.1 Prepare experimental area

1.4.4.2 Install and Test Refrigerator System
1.4.4.3 Final Assy and Inst of Coil/Cryo Sub-assys
1.4.4.4 Installation of Power and Controls
Solenoid Installation Complete

1.4.4.5 Individual Solenoid Tests



Solenoid Testing Complete

1.5 Muon Beamline

1.5.1 Vacuum System

1.5.1.1 System Design

1.5.1.2 Pumps, Valves, Manifolds
1.5.1.3 Instrumentation and Controls
1.5.1.4 Installation and Testing

1.5.2 Collimators

1.5.2.1 Design

1.5.2.2 Engineering

1.5.2.3 Fabrication

1.5.2.4 Survey

1.5.2.5 Installation

1.5.3 Muon Stopping Target

1.5.4 Target Monitor

1.5.4.1 Germanium Crystal Spectrometer
1.5.4.2 Data Acquisition System
1.5.4.3 Vacuum Transport Tube
1.5.5 Detector Shields

1.5.6 Muon Beam Stop

1.5.7 Vacuum Window

1.5.8 Neutron Absorbers

1.5.9 Detector Support Structures
1.5.9.1 Internal Rail System

1.5.9.2 End Cap Support and Carriage
1.5.9.3 External Rail System

1.5.9.4 Intermediate Carriages
12/15/05

2/9/06

1 H2 H1 H2 H1 H2 H1 H2 H1 H2 H1
2002 2003 2004 2005 2006

Figure 14.9:Draft version of the complete MECO schedule-pge9

WBS Task Name

1.6 Tracker

1.6.1 Chamber

1.6.1.1 Manifolds

Prototype Manifold Test Complete
1.6.1.2 Straws

1.6.1.3 Pads

Prototype Resistive Chamber

1.6.1.4 Assembly

Prototype Full Length Vane Prototype
1.6.2 Electronics

1.6.2.1 Preamplifier and Pipeline Chips
1.6.2.2 TDC and ADC Chips

1.6.2.3 Front-end Modules

1.6.2.4 Cables and Connectors



1.6.3 Gas System

1.6.4 Mounting system

1.6.5 Installation

Complete Tracker Installed on Support Structu
1.6.6 HV System

Tracker Roll-in

1.7 Calorimeter

1.7.1 Crystals

Crystal Sample Tests Complete

Crystal Type Selected

Production Crystal Procurement Begins
Production Crystal Procurement Complete
1.7.2 Photodetectors

Nine Channel System Test Begins

128 Channel System Test Begins
Production Procurement of APDs Begins
Production Procurement of APDs Complete
1.7.3 Electronics

1.7.3.1 Preamplifiers

1.7.3.2 Shaper/Drivers

11/1/02

7/1/02

1/1/03

1/1/05

1/1/06

2/15/02

7/1/02

6/2/03

9/30/04

3/1/02

1/13/03

6/2/03

9/30/04

1 H2 H1 H2 H1 H2 H1 H2 H1 H2 H1
2002 2003 2004 2005 2006

Figure 14.10: Draft version of the complete MECO schedulpage 10

WBS Task Name

Preamplifier and Shaper Phase | Production C
Preamplifier and Shaper Phase Il Production C
1.7.3.3 LV Power Supplies, Controls, Distribution
1.7.3.4 Photodetector Power Supplies, Control,riDist
1.7.3.5 Cables and Feedthroughs

1.7.3.6 PC Boards and Housing

1.7.4 Calibration and Monitoring

1.7.5 Mechanical Support Structure

1.7.6 Cooling System

1.7.7 System Testing, Assembly, and Installation



Complete Calorimeter Installed on Support Str
Calorimeter Roll-in

1.8 Cosmic Ray Shield
1.8.1 Passive Shield

1.8.1.1 Design

1.8.1.2 Steel

1.8.1.3 Stainless

1.8.1.4 Heavy Block

1.8.1.5 Heavy Beams
1.8.1.6 Rails and Drive
1.8.1.7 Installation

Passive Cosmic Ray Shield Complete
1.8.2 Active Shield

1.8.2.1 Scintillator Strips
1.8.2.2 Wave Shifting Fibers
1.8.2.3 Phototubes

1.8.2.4 Electronics

1.8.2.4.1 Cables

1.8.2.4.2 Amplifier/Driver
1.8.2.5 Support Structure
1.8.2.6 Calibration

1.8.2.7 Monitoring

1.8.2.8 Installation
Prototype Module Complete
1/1/03

5/31/04

12/29/04

1/1/06

1/31/06

10/1/02

1 H2 H1 H2 H1 H2 H1 H2 H1 H2 H1
2002 2003 2004 2005 2006

Figure 14.11: Draft version of the complete MECO schedulpagell

WBS Task Name

Scintillator Modules Completed

Cosmic Ray Shield Installed

1.9 Data Acquisition and Online Computing
1.9.1 Data Acquisition

1.9.2 Level 1 Trigger

1.9.3 Online Computing

1.9.4 Reconstruction Software

1.10 Infrastructure

1.10.1 Electronics House

1.10.2 Counting House

1.10.3 Refrigerator Compressor Building
AGS SEB Running

7/30/04



1/31/06
1 H2 H1 H2 H1 H2 H1 H2 H1 H2 H1
2002 2003 2004 2005 2006

Figure 14.12: Draft version of the complete MECO schedulpagel2
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